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NRL’'s MISSION

o conduct a broadly based multidisciplinary
I program of scientific research and advanced
technological development directed toward
maritime applications of new and improved
materials, techniques, equipment, systems, and
ocean, atmospheric, and space sciences and

related technologies.

The Naval Research Laboratory provides primary
in-house research for the physical, engineering,
space, and environmental sciences; broadly
based applied research and advanced technology
development programs in response to identified
and anticipated Navy and Marine Corps needs;
broad multidisciplinary support to the Naval
Warfare Centers; and space and space systems
technology, development, and support.



Since its establishment on July 2, 1923, the Naval

Research Laboratory has excelled in conducting a broadly
based multidisciplinary program of scientific research and

technological development focused on Navy and Marine
Corps applications of new and improved materials, tech-

niques, equipment, systems, and ocean, atmospheric, and
space sciences. NRL's dedicated scientists, engineers, and
support personnel — working in our world-class facilities —
have developed a number of innovations that have revolu-
tionized the capabilities of our Navy and Marine Corps, and

of our Nation as a whole.

In keeping with our long-term focus on discovery and
invention and the Navy of the future, NRL is completing
construction of a major new facility called the Laboratory
for Autonomous Systems Research (LASR). The 50,000
square foot facility, which will open in the Spring of 2012,
will integrate science and technology components into
research prototype systems and will become the nerve
center for basic research that supports autonomous sys-
tems research for the Navy and Marine Corps.

While the Laboratory for Autonomous Systems Re-

search is new, NRL's research into autonomous systems
dates back to the founding of the Laboratory. In 1923,
NRL devised a remote control system that was applied to
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a three-wheel cart. This led to the development of
a control system for the first U.S. flight of a radio-
controlled pilotless aircraft in 1924. Since that time,
NRL has developed autonomous systems for under-
water, surface, land, air, and space applications.
With the opening of the LASR facility, NRL will fur-
ther expand its science and technology capabilities
in the development of new autonomous systems.

The idea behind the creation of NRL was to
help build American sea power, protect national
security through technological innovation, and
make the U.S. Fleet the most formidable naval
fighting force in the world. In the 88 years since its
establishment, the Laboratory’s record of technical
excellence confirms that NRL has made a profound
difference — in times of war and in times of peace,
during times of economic austerity and international
challenge — through the creative work of scientists
and engineers who serve in the Nation’s interest.
Despite the current economic, technical, and mili-
tary challenges faced by our Nation, NRL is expand-
ing its capabilities and we remain very optimistic
that our research will continue to have a significant
impact on America’s national security.

CAPT PAUL C. STEWART, USN
Commanding Officer
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Electric Dog (1923) — NRL devise
switch with a vertical handle, similar to
stick of an aircraft, which could operate selectivi
relays simultaneously to provide for the several
controls necessary to the flight of aircraft. It was
first applied to a three-wheel cart system, the
“electric dog,” which could be seen wandering
about on NRL’s driveways. Il



imeline of NRLs

A\UTONOMOUS SYSTEMS

Research

e Naval Research Laboratory has been actively involved in research in unmanned
d autonomous systems since its opening in 1923. From one of the first unmanned
ound vehicles to the development of more than 200 prototype air, ground, underwater,
and space platforms, and from smart sensors to smart batteries to robots that reason
like humans, NRLs research has been at the forefront. In January 2012, NRL completed
construction on its new Laboratory for Autonomous Systems Research. This Laboratory
provides specialized facilities to support highly innovative research in autonomous systems,
including intelligent autonomy, sensor systems, power and energy systems, human-system
interaction, networking and communications, and platforms. The Laboratory capitalizes on
the broad multidisciplinary character of NRL, bringing together scientists and engineers
with disparate training and backgrounds to tackle common goals in autonomy research at
the intersection of their respective fields. The Laboratory provides simulated environments
(littoral, desert, tropical) and instrumented reconfigurable high bay spaces to support
~  integration of science and technology components into research prototype systems. The

f‘l objective of the Laboratory is to enable continued Navy and DoD scientific leadership in
: this complex, emerging area and to identify opportunities for advances in future defense
J technology. In the following pages, we present a timeline of NRLs research in unmanned

and autonomous systems from 1923 to the present.




1923 Erectric Doc

NRL devised a control switch with a
vertical handle, similar to the control
stick of an aircraft, which could operate
selective relays simultaneously to pro-
vide for the several controls necessary to
the flight of aircraft. It was first applied

—

to a three-wheel cart system, the “electric
dog,” which could be seen wandering
about on NRLs driveways.

1924 RemoTe-CONTROLLED
PonTooN PLANE

NRL developed the control system for
the first U.S. flight of a radio-controlled
pilotless aircraft. Remotely controlled
from the ground, the N-9 float plane
took off from the Potomac River, fol-
lowed a triangular course, executed

glides and climbs, and landed on the
river.

1926 JovsTick Remorte
ConTroL Circurt PATENT

NRLs C.B. Mirick patented his system
for remote radio control of pilotless air-
craft (or of “any circuits or objects which
are to be controlled at a distance”) using
a “joy stick’ identical with the oy stick
provided in aircraft” U.S. Patent no.
1,597,416, “Electrical Distant-Control

System,” Aug. 24, 1926. “My invention
relates broadly to distant control sys-
tems, and more particularly to a control

circuit for a radio transmitter, and a
selectively responsive circuit for a radio
apparatus whereby particular controls
may be caused to function individually
or simultaneously”

193 Os Remote-CoNTROLLED
DEecoy BATTLESHIPS

For exercises to test the vulnerability

of ships to air bombing, NRL devised a
radio remote control system to ma-
neuver the warships USS Stoddert and
USS Utah, which had been converted to
target ships. The steering and throttle
controls were operated through selector

switches based on the teletype mecha-
nism using the Baudot code.

1936-WWII
ANTI-AIRCRAFT TARGET DRONES

The Navy needed more realistic
anti-aircraft practice targets than target
sleeves towed by piloted aircraft, so NRL
developed the radio-control system for
an unmanned aircraft that, in dem-
onstration, could be controlled by a
“mother plane” 25 miles away. Target
“drones” became widely used and led

to rapid improvement in fire-control sys-
tems. Hundreds of F6F and other type
aircraft were converted to drones for
gunnery training, evaluation of defense
procedures, and to carry out simulated
“Japanese suicide” attacks.

1942 AssauLt/GuiDED
MissiLe DRONES

The first complete simulation of a guided
missile was demonstrated using an
unmanned type BG-1 aircraft equipped
as an assault drone with NRLs radio-
command guidance system and remote
observation by television. The drone
crashed through a towed battle raft,
proving the capabilities as a weapon.
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1945 ARCRAFT CARRIER
TrAFFIC AND LANDING CONTROL

NRL developed a radar carrier-con-
trolled approach system that allowed
aircraft to land on a carrier in complete
darkness. It was first demonstrated on
USS Solomons (CVE 67).

1946 Bk AtoLL Test
OBSERVATION BY DRONES

Radio-guided drones collected data on
nuclear explosions during the Bikini
tests in the Pacific, telemetering it to safe
observation points aboard ship.

1947 LooN SHiP-To-SURFACE
Guipep MissiLE SySTEM

The Loon, with the guidance system
developed by NRL, provided the first
successful demonstration of a surface-
to-surface guided missile and the first
guided missile to be launched from a
submarine, USS Cusk. NRL contribu-
tions included tracking by radar and
steering by radio remote control.

1955 Povaris

NRL participated extensively in the con-
ceptual planning and development of the
submarine-launched Polaris missile.

1957 BLossom POINT SATELLITE
TrACKING AND CommaND FaciLiTy

NRL developed the first operational
U.S. satellite tracking station at Blossom




Point, Maryland. Still in operation, Blos-
som Point pioneers automated ground
commanding of satellites.

195 8 VancuarD SoLAR PoweR
SYSTEM

Vanguard I proved that solar cells could
be used for several years to power satel-
lite radio transmitters. Vanguard’s solar
cells operated for about 7 years, while
conventional batteries powering another
onboard transmitter lasted only 20 days.

1960 GRAB

The Galactic Radiation and Background
satellite was America’s first electronic
intelligence (ELINT) satellite. GRAB’s
ELINT antennas collected each pulse

of a Soviet radar signal in a specified
bandwidth, and a larger and separate

turnstile antenna transponded a cor-
responding signal to NRL receiving and
control huts.

1964 GraviTY GRADIENT
STABILIZATION EXPERIMENT
SATELLITES

NRL pioneered the gravity-gradient
system for stabilizing the attitude of sat-

ellites with respect to Earth. This system
is widely used in present-day satellites.

197 6 MSD/Timan LauncH
DisPENSER

NRL conceived and built the Multi-Sat-
ellite Dispenser (MSD), later modified

as the Titan Launch Dispenser (1990),
a booster stage that goes through a

preprogrammed sequence of tasks to de-
posit multiple satellites from low shuttle
orbits into their respective orbits, with or
without real-time guidance from Earth.

197 7 NickeL HYDROGEN
BATTERY ON NAVIGATION
TECHNOLOGY SATELLITE-2

This was the first use of an NiH, bat-
tery as the primary energy source on a

satellite, instead of nickel cadmium, for
higher power and longer life.

1979 UNmANNED FREE-
Swivming SumERSIBLE (UFSS)

NRL developed a long-range autono-
mous submersible to demonstrate (1)
autonomy obtained by an OMEGA navi-

gator and a preprogrammed command
and control microcomputer, and (2)
high endurance (25 hr at 5 kt) attained
with a low-drag hull and inexpensive
battery energy source.

198 1 NCARAI EsTaLISHED

Realizing the importance of artificial
intelligence to the development of more
intelligent autonomous and human-
centered systems, NRL created the Navy
Center for Applied Research in Artificial
Intelligence.

1985 CLusTer-BASED RoUTING

NRL conducted seminal work on
distributed, self-organizing routing
protocols for autonomous networking
based upon clustering concepts. The
novel concept of automated, dynamic
structural formation amongst network
nodes allowed improvements in mobile
organization and wireless channel access
coordination in self-forming networks.

1985 FauLt IsoLATION SHELL
(FIS)

This tool captures device-specific
knowledge to build expert systems to
autonomously determine the causes
of the breakdown of complex electro-
mechanical-optical equipment, to aid
maintenance and troubleshooting.

1986 Navy Messace
UNDERSTANDING

This robust natural language processing
system enabled automatic processing
and summarizing of Navy Casualty Re-
port (CASREP) messages, reducing the
dependence on time-consuming human
analysis.

1988 Low ALmiTupe/AIRSPEED
UNMANNED RESEARCH AIRCRAFT
(LAURA)

This highly instrumented testbed aircraft
was developed to address operational
requirements of UAVs for Fleet EW mis-
sions. Its modular fuselage accepted the

installation of several wing/tail combina-
tions for comparative aerodynamic test-
ing. Other requirements driving UAV
research included long flight endurance
at ship-like speeds, flying in gusts, and
storage in a protective canister prior to
launch.
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1990 Automatep WEAPON
AsSIGNMENT ALGORITHMS FOR SDI
Mip-Course BATTLE MANAGEMENT

NRL developed weapon allocation algo-
rithms for the defense of selected assets
against a MIRV ballistic missile threat
based on a tracking and correlation
algorithm. The software continually reas-
sessed the threat and reassigned weapons
to targets not previously engaged based
on new situational assessment.

1990 NAUTILUS

The Navy Automated Intelligent Lan-
guage Understanding System incor-
porates both robust natural language
processing and semantic interpretation,
providing greater ease of user interac-
tion with autonomous systems. The
system was used in the speech control-
ler for the VIEWER immersive virtual
reality tactical warfare simulation display
system and an interface to a cartographic
database with graphical map display.

1991 Tripop OPERATORS FOR
RecocNizing OBJECTS

NRL developed this class of feature
extraction operators for range images
which facilitate the automated recogni-
tion and localization of objects.

1992 ANyTIME LEARNING

NRL developed an “anytime learning”
algorithm that allows a robot to adapt
in near real time to a changing environ-
ment.

1993 SamueL: EvoLuTioNARY
APPROACH TO LEARNING IN RoBOTS

NRL developed Samuel, a learning sys-
tem based on evolutionary algorithms,
to explore alternative robot behaviors
within a simulation model, as a way of
reducing the overall knowledge engi-
neering effort. Behaviors for collision
avoidance navigation were learned and
then successfully demonstrated on real
ground robots.

1993 FLYRT

The FLYing Radar Target RF-distraction
decoy flew at ship-like speeds following
launch from a shipboard chaff launcher.

The fiber optic gyroscope provided
highly accurate angle rate data.

1994 CLEMENTINE

NRL built and operated the first space-
craft known to conduct autonomous
operations scheduling. The Spacecraft
Command Language (SCL) became a
widely used standard for automating
spacecraft.

1995 AbarTIVE TESTING

NRL developed a system that applies
learning techniques to the general prob-
lem of evaluating an intelligent control-
ler for an autonomous vehicle, searching
for combinations of conditions and faults
the controller is unable to handle. The
system was successful in finding faults in
two domains, an aircraft landing auto-
pilot and an underwater autonomous
vehicle controller.

199 5 Heteroceneous Ap Hoc
NETWORK WITH COLLABORATIVE DATA
STREAMING

In the Data and Voice Integration Ad-
vanced Technology Demonstration, NRL
demonstrated one of the first working
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mobile ad hoc networking systems pro-
viding secure, mobile self-organization

2011 NRL REVIEW | a timeline of nrl’s autonomous systems research

and routing across heterogeneous radio
technologies. The system also provided
compressed and optimized Internet
interoperability and demonstrated early
forms of network-centric collaborative
applications including compressed VoIP,
reliable file dissemination, multicast
situational awareness, and electronic
whiteboarding.

199 5 MucricasT DISSEMINATION
ProtocoL (MDP)

The MDP framework was developed to
provide reliable data transport improve-
ments within autonomous collaborative
groups that are often formed at the for-
ward edge of a Navy or military commu-
nication network. This work introduced
a novel information coding approach for
network parity encoding and repairing
in multicast networks.

1995 Non-LINEAR DiscRETE
EVENT TRACKING

NRL developed a multiple-target,
multiple-sensor, automated data fusion
algorithm based on ambiguous sensor
reports to track land, sea, and undersea
objects. The solution is provided in a
unique set of probability maps and ve-
locity probability wheels. The probability
maps process both negative and positive
information to create an area map of
likely location of the object.

1996 MosiLe Ap Hoc
NeTtworkinG (MANET)

NRL co-founded an Internet-standards
working group to develop ad hoc rout-
ing technologies for self-organizing
mobile Internet wireless infrastructures.
This work stimulated extensive applied
research activity and open standard de-
signs that can be adapted and applied to
military self-organizing wireless network
technology.

1996 RoBo-SHEPHERD

NRL demonstrated the ability for a
robot to learn adversarial behaviors, in
this case “herding” other robots into a
“corral” This work showed that for tasks
that are too expensive or dangerous to
learn from experience, behaviors can be
learned in simulation and then trans-
ferred into the real world.



1997 Hors p’OEuVRES,
ANYONE?

NRLs robot Coyote placed first in
technical achievement at the 1997 AAAI
Mobile Robot Competition. In develop-
ing a robot to serve hors doeuvres at

the conference reception, the research
investigated several issues important to
autonomous systems: navigating in a
crowded space, being assertive without
being intimidating or dangerous, hu-
man-robot interaction in noisy environ-
ments, and tracking of resources.

1998 AnaLyTe 2000 Fier
OrrTic BIoSENSOR
As payload on the Swallow UAV, NRLs

biosensor provided one of the first
demonstrations of the identification of

aerosolized bacteria by a sensor flown
on a remotely piloted plane, with data
transmitted to a ground station.

1998 ARIEL FRONTIER-BASED
ExPLORATION

For robotic mapping of unknown
environments, it is useful for the robot
to concentrate on areas at the edge of
its knowledge, in order to expand that

knowledge. The ARIEL algorithm ana-
lyzes the robot’s map, identifies frontier
regions where known empty space
borders unsensed space, and directs the
robot to examine these areas in order
to improve its ability to map unknown
environments.

1998 ConsTRAINED ROUTING FOR
AIRCRAFT

NRL developed algorithms for comput-
ing least cost paths for multiple aircraft
involved in strike missions. These
included taking into account turn con-
straints, threat (no-fly) areas, goals, and
efficient computing.

1998 INTerBOT

To reduce the warfighter’s cognitive
load, NRL developed natural interfaces
that integrate the use of spoken natural
language and hand/arm gestures for
interacting with autonomous robots.

1998 OpricaL FLow For
ConTROL

NRLs novel sensor for detecting optical
flow was mounted on a mobile robot and
used to develop controls for steering the
robot to avoid obstacles.

1998 DC-ARM: Damace
ConTROL AuTOMATION FOR REDUCED
MANNING

Addressing the Navy’s need to reduce
manning aboard ships, the DC-ARM
program shifts both routine and haz-
ardous manpower-intensive manual
damage control operations to surviv-
able automation. The program reduces
manning requirements while improving
surface ship survivability. From 1998 to
2001, DC-ARM demonstrated Smart
Valves, the Early Warning Fire Detection
System, the Area-wide Water Mist Fire
Protection System, the Smoke Ejection
System, and a Supervisory Control Sys-
tem. DC-ARM combines a multi-criteria
(sensor array) approach with sophisticat-
ed data analysis methods and improved
organization and procedures.

1998 ORCA

NRL adapted the semi-submersible
ORCA (Oceanographic Remotely Con-
trolled Automaton), a diesel-powered,
unmanned survey vehicle, to collect

oceanographic data at a fraction of the
cost of a survey ship.

1998 SENDER

The man-portable Self-Navigating
Drone, Expendable/Recoverable
provided advanced technology in a

simple and affordable platform. Flown
autonomously or under radio control, it
featured electric propulsion, advanced
composite structure, digital micropro-
cessor autopilot, GPS navigator, and
lithium propulsion batteries.

1999 Dynamic Autonomy

Intelligent mobile robots that interact
with humans must be able to dynami-
cally adjust their level of autonomy
depending on the current situation. NRL
demonstrated the ability for an autono-
mous robot to be able to interact with,
or be interrupted by, a human, and then
smoothly return to its earlier goals.

1990 INTEGRATING
EXPLORATION, LOCALIZATION,
NAVIGATION, AND PLANNING WITH A
CommoN REPRESENTATION

This research demonstrated a novel ap-
proach to the common SLAM (simulta-
neous localization and mapping) prob-
lem that was able to work in dynamic
environments, and also showed the
utility of using a unifying representation.
Experiments with indoor ground robots

a timeline of nrl’s autonomous systems research | 2011 NRL REVIEW
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showed only 13.6 cm of error over a half-
mile traverse without the use of GPS.

2000 AbDAPTING TO SENSOR
FAILURES

NRL demonstrated the ability for a
ground robot to adapt to failures in its
sensors, learning to use its remaining
sensors to perform its mission. This
research explored autonomous systems
that can continue to learn throughout
their lives, adapting to changes in the
environment and in their own capabili-

ties. While operating in the real world,
the vehicle is always exploring different
strategies via an internal simulation
model; the simulation, in turn, is chang-
ing over time to better match the world.

2000 DArRKHORSE/
WAR HORSE

The DarkHORSE project demonstrated
that a hyperspectral sensor could be used
for autonomous detection of air and
ground targets. WAR HORSE demon-
strated the first autonomous, real-time,
visible hyperspectral target detection
system flown aboard a Predator UAV.
The system provides the ability to detect
manmade objects in areas of natural
background, for reconnaissance and
surveillance.

2000 Extenper

This 10-ft-wingspan, air-drop-deployable
UAV for electronic warfare missions had

a battery-powered electric motor and
7.5-1b payload capacity. It could perform

an entirely autonomous mission or be di-
rected in real time through an RF link. It
was designed to glide for 77 miles from a
5-mile release altitude.

2000 NavY SMART VALVE

As part of the DC-ARM program, NRL
developed Smart Valves embedded with
pressure sensors and processors that

allow the valve to identify fire main rup-
tures, and thereby automate opening or
closing of the valve as appropriate.

2001 AN/WLD-1 RMS(O)

NRL developed and transitioned this
oceanographic variant of the Remote

Minehunting System semi-submersible
UUV by developing a swappable center
section equipped with hydrographic
survey sensors.

2001 MosiLe NETWORK SYSTEM
EmuLATION

NRL developed sophisticated mobile

ad hoc network emulation systems and
analysis tools to support the design,
development, and testing of distributed
autonomous networking protocols. This
capability helped bridge the gap between
simulation and expensive, limited field
testing of self-organizing network
systems.

2011 NRL REVIEW | a timeline of nrl’s autonomous systems research

2001 Hyerip CoGNITIVE/
ReacTive AuToNOMOUS SYSTEM

To create more intelligent autonomous
systems, NRL developed a hybrid control
system that combined process models of
human cognition for performing high-
level reasoning, with evolved reactive
behaviors for low-level control of an
autonomous system.

2002 CoevoLuTioN oF Form
AND FUNCTION

For an autonomous micro air vehicle,
NRL developed a system that used
simulation to evolve both an optimal
minimum sensor suite, and reactive
strategies for navigation and collision
avoidance using data from the evolved
sensor suite.

2,002 CFD SiMULATIONS OF
UAVs

Aerodynamic characterization and
performance assessment of micro air ve-
hicles via computational fluid dynamics
(CFD) led to the controller development
for the MITE and Dragon Eye vehicles.

2002 FINDER

This long-endurance UAV (Flight
Inserted Detector Expendable for Recon-
naissance) can carry payloads includ-
ing chemical sensors, high-resolution
battle damage assessment imagers, GPS
jammer homing sensors, and SIGINT
sensors. Launched from a Predator UAV,
it can report its findings in near real time

through the Predator to a ground control
station for distribution to the warfighter,
and can retrieve samples for laboratory
testing.

2002 FrappinG FolL
PropuLsioN IN INsecTs AND FisHES
Computations at NRL have provided

insights into unsteady force produc-
tion in nature that guide the design of



insect-like autonomous air vehicles and
fish-like autonomous undersea vehicles.
Flapping foil propulsion has many ap-
plications, such as submersible propul-
sion, maneuvering and flow control,
and aerodynamics of unconventional
micro air vehicles (MAVs). The Biplane

Insectoid Travel Engine (BITE) MAV
and a pectoral fin-driven UUV make
use of these bio-inspired mechanisms for
propulsion.

2002 GRACE

A joint project with academic and corpo-
rate partners, GRACE was an autono-
mous robot system entered in the 2002
AAAI Robot Challenge. GRACE acted

T |

autonomously to travel, without a map,
from the front floor of a convention cen-

ter to the registration desk by interact-
ing with people and reading signs, then
registered, made its way to an assigned
location, presented a talk, and answered
questions about itself.

2002 MITE

The Micro Tactical Expendable micro
air vehicle is designed to be the smallest
practical aircraft that can still perform
useful Navy missions, such as over-the-
hill reconnaissance, surveillance, and
electronic warfare. Different wingspans
(10-24 in.) are used depending on the
payload and endurance required. Several
very low cost autonomous flight control

systems have been demonstrated on the
vehicle.

2003 Dracon EYe

This lightweight, backpackable UAV

is an affordably expendable sensor
platform launched with a “slingshot.” It
provides real-time reconnaissance, battle

damage assessment, and threat detec-
tion through a miniature ground control
station. Dragon Eye has provided critical
intelligence in the Iraq and Afghanistan
conflicts.

200 3 FinoiNG HipDeN PeopLE
(Hioe AND SEEk)

NRL scientists extended their models
of visual perspective-taking to address
the problem of searching for people who
are trying to hide (e.g., snipers). Using a
cognitive process model of how people
hide, they developed a cognitive model
for determining likely hiding places in
the environment, and integrated this
high-level reasoning with a reactive
robot controller. The same model could
be used to reason about what makes

a good hiding place, and resulted in a
robot that could play “hide and seek”
with a human.

20073 MutticasT FORWARDING IN
MosiLe Ab Hoc NETWORKS

NRL produced the first draft Inter-

net specification for simplified, self-
organizing mobile multicast. Simplified
Multicast Forwarding (SMF) is useful for
autonomous group data forwarding since

it is a highly distributed and resilient
protocol approach that can adapt to
change with minimized control signaling
and can operate with a variety of opti-
mized network relay set algorithms.

2004 AnaLocicaL HypoTHESIS
ELABORATOR FOR AcTiviITY DETECTION
(AHEAD)

NRL developed a software system that
uses computational analogy to assess

the support that a given hypothesis has
in a given body of evidence. The system
demonstrated its utility to perform this
task for simulated terrorist activities,
where the evidence would include facts
such as specific actions by specific people
who have known organizational, family,
or other types of relationships.

2004 BUG

The Benthic Unattended Generator
persistently generates electrical power in
marine environments from oxidation of
sediment organic matter with oxidants in
overlying water. The BUG enables very
long-term use of autonomous marine
deployed scientific and surveillance
instruments that are presently limited in
duration by batteries.

2005 AuTOSURVEY®

NRL-patented AutoSurvey® autonomous
line running software, originally devel-
oped for the ORCA unmanned vehicle,

<

was transitioned to all NAVOCEANO
TAGS 60 class survey ships. AutoSurvey
provides up to 60% reduction in survey
time in areas with rough terrain.
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2005 Dracon WARRIOR/
VANTAGE™
Originally developed with the Marine

Corps Warfighting Laboratory for recon-
naissance and communications relay

missions, this vertical take-off and land-
ing UAV resembles a small helicopter
and can be transported in a Humvee. It
features fully autonomous flight opera-
tion, a 44-hp heavy-fuel engine, and a
ducted electric tail rotor.

2005 ScaLasLE RosusT
SELF-ORGANIZING SENSORS (SRSS)

NRL designed multiple-function sen-
sor devices capable of self-organizing,
autonomous network formation and
data routing. This capability enabled
distributed sensors and other devices to
form a distributed data network when
deployed in an ad hoc manner with
minimum planning and management.
Both autonomous mobile and non-mo-
bile devices (e.g., distributed cameras)
could discover distributed sensor events,
collaborate over the network, and take
appropriate action with minimal human
interaction.

2005 VisuAL-SPATIAL
PersPECTIVE TAKING
An important aspect of human-human

interaction is visual-spatial perspective-
taking, in which one participant is able

to interpret a scene from the other’s
point of view. NRL developed a com-
putational cognitive process model for

perspective-taking and integrated it with
a robot. The robot successfully solved

a series of perspective-taking problems
and was able to resolve different frames
of reference to facilitate collaborative
problem solving with a person.

2,006 ConTroL OF A TEAM OF
RoBoTs

NRL developed a sketch-based interface
and algorithms that allow one operator,
using a tablet PC, to manage a team of
robots performing tasks such as surveil-
lance, reconnaissance, damage assess-
ment, and search and rescue. A precise
map of the environment is not required.
Rather, the user sketches a qualitative
map of a live scene and directs the team
using the interface.

2,006 Swarm CONTROL WITH
PHysicomimeTICS

Advantages of swarm intelligence
include robustness to uncertainty and
change, the ability to self-organize, and

a decentralized nature which makes the
population less vulnerable. One method
of implementing swarm intelligence is
the artificial physics representation of
physicomimetics, in which agents behave
as point-mass particles and respond

to artificial forces generated by local
interactions with nearby particles. NRL
is taking a multitiered approach to the
design and real-time control of physico-
mimetics swarms that includes machine
learning techniques for the acquisition
of swarm behavior modes and a human-
swarm interface to dynamically influence
swarm behavior.

2007 CooPerATIVE MuLTI-AGENT
Systems IN MosiLe Ap Hoc
NETWORKS

This project developed and demon-
strated various multi-agent systems that
autonomously self-organized and com-
municated teamwork information using
NRL-based ad hoc networking technolo-
gy. The agents were capable of seamlessly
fragmenting and coalescing topologically
as network and mobility conditions var-
ied. Agents could autonomously take on
and optimize various mission roles but
could also view their network function
as a role and participate in sustaining

the network by dynamically positioning
themselves as relays within a distributed,
mobile scenario.
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2007 CoPING WITH INFORMATION
OVERLOAD

NRL developed methods to automatical-
ly accelerate multiple acoustic channels
and prioritize message trafficking. This
research allows watchstanders to process
the ever-increasing amounts of informa-
tion generated and exchanged in combat
information centers aboard Navy ships,
thereby reducing workloads and the
errors resulting from the simultaneous
transmission of aural messages.

2,008 Emsobiep CoGNITION

NRL developed the first cognitively
plausible robot architecture, ACT-R/E.
Based on what is known about human
reasoning and memory (from both
psychological studies and fMRI data),
ACT-R/E, using the robot’s perceptual
inputs, performs reasoning and decision
making in a way that is similar to how
people reason, and allows the robot to
interact naturally with people.

2,008 FREND: AuToNomous
Renpezvous AND DockING

NRL developed and ground-demon-
strated guidance and control algorithms

to allow a robotic servicing vehicle to
autonomously rendezvous and dock with
satellites not pre-designed for docking.
The demonstration was completed in a
realistic spaceflight environment under
full autonomy with no human-in-the-
loop assistance.

2008 Gaze FoLLowiNG

NRL developed a system that uses

a combination of visual perception
algorithms and computational cognitive
models to allow a robot to track a per-
son’s head movements and understand
that person’s focus of attention. This al-
lows the robot to work well in joint tasks
with people.



2,008 GesTure RECOGNITION

NRLs system for learning and recogniz-
ing static and dynamic hand gestures
(both one-handed and two-handed)
allows autonomous systems to under-
stand a person’s communicative intent,
improving human-robot interaction in
joint tasks.

2,008 TRACKING CONVERSATION
WITH VISION AND AUDITION

One of the goals of human-robot inter-
action research is to have natural dialog,
which requires conversation tracking.
NRL developed a system that uses sound
localization to guide the robot’s vision
system to find the speaker. The audition
and visual streams are integrated to form
a coherent representation of the speaker.
This system allowed a robot to correctly
track conversations.

2,008 UUV Mission PLANNER

Demonstrated during RIMPAC 08, the
UUVMP provides automated planning
and monitoring for fleets of unmanned
underwater gliders on long-endurance
(months) missions. An advanced vehicle
motion model allows simulation using
forecast currents to predict trajectory.

2009 XFC

The eXperimental Fuel Cell unmanned
aerial system is a fully autonomous,
affordably expendable surveillance plat-

form. The folding-wing UAV ejects from
a transport tube, unfolds to its X-shaped
configuration, and can fly for 6 hours.
The hydrogen fuel cell provides power
for electric propulsion, command and
control, avionics, and payload operation.
XFC is being modified for launch from a
submarine.

2009 AutomaTED IMAGE
UNDERSTANDING FOR MARITIME
THREAT ANALYSIS

NRL developed an integrated video pro-
cessing and learning system for object
identification, maritime vessel behavior
recognition, and threat analysis from
land-based optical video cameras. Previ-
ous approaches were limited to perim-
eter defense penetration alerts.

2009 INTERTRACK

NRL collaborated to develop a user
interface to a video surveillance system
that permits easier natural interaction
with the video output. InterTrack also
provides an automatic inferencing capa-
bility that removes some of the burden
of users’ surveillance tasks and creates
more autonomous or system-generated
analyses.

2009 OrtimizaTioN OF ISR
PLaTFORMS TO IMPROVE SIGNAL
CoLLECTION IN MARITIME
ENVIRONMENTS

NRL developed intelligence, surveillance,
and reconnaissance (ISR) optimiza-

tion algorithms for tracking targets of
interest in the maritime domain. The
algorithms simultaneously optimize over
several measures of interest (e.g., suspi-
cious vessel movements, cargo, ports,
piracy areas), “difficulty” measures (e.g.,
meteorological conditions), and ISR

performance characteristics to improve
signal collection for maritime domain
awareness.

2009 PREDICTING AND
PReVENTING PROCEDURAL ERRORS

Using a combination of theories of hu-
man memory (memory for goals) and
an eyetracker, NRL created a system that
can predict when an operator is about to
make a post-completion error before the
error actually occurs, and give a just-in-
time cue to prevent the error from being
made.

2009 SeLF-ORGANIZING
AIRBORNE NETWORKING BACKBONES

NRL collaborated to develop and
demonstrate technology for hybrid air/
surface (ground) networks that self-
organize and adapt to both gateway and
legacy network infrastructures. NRL
multicast routing and distributed appli-
cations were critical to the success of the
field demonstration of multiple UAV's
and surface nodes in the same mobile
network.

2009 lon TiGer

This UAV flew for 26+ hours with a

5-1b payload by using a high-energy
hydrogen fuel cell system for electric
propulsion, exceeding by 6x the endur-
ance provided by batteries. With this
demonstration, NRL created a new class

of stealthy, small, unmanned air vehicles
capable of “big vehicle missions” A new
liquid hydrogen fuel tank may extend the
UAV’s endurance to 72 hours.

201 0O AssessING TRANSLATION
MemoRry TECHNOLOGY

NRL teamed with the National Vir-
tual Translation Center to evaluate the
effectiveness of Translation Memory
technology, which provides automated
assistance to human translators for
timely and cost-effective translations of
documents related to military strategy
and national security.

2,01 0 Automaric Face
RECOGNITION

NRL developed an algorithm to perform
automatic face recognition that has an
extremely low false positive rate and that
can work in a wide variety of environ-
ments with a minimal number of photos
of the target subject.
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2,01 O Bio-INsPIRED DEFORMABLE
Fin UUV

This unmanned undersea vehicle is pro-
pelled and controlled using fish-like, bio-
robotic fins inspired by the bird wrasse,
a coral reef fish. Actuation of individual
ribs within each fin creates the curva-
tures necessary to generate the high-

magnitude, variable-direction forces that
enable precise, low-speed maneuvering
in highly dynamic environments such as
nearshore and cluttered areas with cur-
rents and waves.

201 O Dynamic GoaL
MANAGEMENT

NRL developed methods for goal-driven
autonomy that permit agents to auto-
matically self-select their goals. These
are particularly valuable for unmanned
systems on long-duration deployments
in complex environments.

2010 FrLow IMMUNOSENSOR
PayLoAD

NRL demonstrated its flow immunosen-
sor payload on a Hydroid REMUS 100
AUV. Low parts-per-billion levels of

REMLUS VEHICLE

TNT were detected in a simulated plume
while underway, and data acquisition
was observed remotely in real time over
a Web-based interface.

201 O FouNDATIONS OF
CoLLECTIVE CLASSIFICATION

NRL developed and evaluated methods
for leveraging relations among instances
in supervised learning (classification)
tasks.

201 O ServERLESS MESSAGING
SYSTEMS

NRL designed and developed serverless
messaging systems that effectively oper-
ate in highly distributed and disruptive
network environments. This system also
supports proxy interfaces to standards-
based clients and servers that cannot
normally operate without server central-
ization. A serverless messaging system
extension allows more autonomous
operations by combining effective group
discovery and collaboration among
multiple communication nodes.

2,01 O SHIBBOLETH

NRL developed automatic procedures
for determining the native language of
non-native speakers of English, lessening
the burden on warfighters and security
personnel in sensitive environments
such as border patrols, VBSS (visit,
board, search, and seizure) operations,
and foreign countries.

2010 THeory oF MiNnD

NRL developed a system that, when an
anomaly is discovered, runs multiple
simulations to determine the most likely
reason for that anomaly. The anomaly
can then be pointed out to a person
along with a possible (most likely) solu-
tion.

2,010 VoLuME SENSOR

This multisensor shipboard detection
system provides early warning detection
of flames, smoke, thermally hot objects,
pipe rupture, and gas leaks through im-
proved situational awareness. Based on
data fusion, the system combines video
image detection and machine vision soft-
ware with spectral sensors and acoustic
data inputs to correctly identify damage
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control events and discriminate against
false positives.

2,0 1 O UNMANNED SEMmI-
SusmersiBLE (USS)

NRL demonstrated this vehicle for
shallow-water (2 m to 200 m) bathym-
etry and sidescan surveying. It provides
vastly superior coverage rates (2x or
greater) compared to unmanned surface

or underwater vehicles, and is excellent
for rapid response in hostile environ-
ments (combat, disasters).

201 1 Low FrRequeNncy
BroADBAND SONAR

NRLs AUV-based broadband active so-
nar system for the high-performance de-
tection and identification of underwater
mines was transitioned to production.
The “squint capable” synthetic aperture
sonar measures scattering cross-sections
very precisely for identification based on
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structural acoustic features. The sonar is
configured on a long-endurance, quiet
AUV that navigates using a fusion of
Doppler velocity measurement, fiber-
optic gyroscope inertial navigation,

and GPS. Deployment is anticipated

on the Littoral Combat Ship and other
platforms of opportunity. NRL is extend-
ing the technology to longer ranges and
exploring the applicability to antisubma-
rine warfare.



2,01 1 BeHaviorR RECOGNITION
AND THREAT ANALYSIS FOR UNMANNED
SeA SuRFACE VEHICLES

NRL is developing and testing methods
for automatically recognizing behaviors
of maritime vessels and assessing their
threat, using sensor data from un-
manned sea surface vehicles.

201 1 Evaruating Deep
LEARNING TECHNOLOGY

NRL is evaluating novel methods for
automatic feature extraction for event
detection from optical videos, sentiment
analysis from text documents, surveil-
lance, and other complex classification
tasks.

201 1 FaciLitatiNG RESumMPTION
AFTER AN INTERRUPTION

NRL developed a computational cogni-
tive model that can help people resume
a task after being interrupted. The model
can understand the effect of an interrup-
tion on a person, and offer help so the
person can continue the task with less
error.

201 1 HicHLy DisTRIBUTED
NeTwoRKED SERVICES DISCOVERY

NRL developed working prototypes

of highly distributed network service
discovery that operates across self-
organizing networks in the absence of
any hierarchy or server availability. This
technology allows more distributed sys-
tems to be deployed hosting services and
applications that can more effectively
self-organize and adapt at the middle-
ware and application layer.

201 1 RAFT Rosoric Boar
REFUELING

NRL demonstrated the first autonomous
boat-to-boat refueling system, capable
of mating a refueling fitting with an
autonomous surface vehicle fuel tank in
sea states exceeding 3 ft maximum wave
height.

201 1 SupervisorY CONTROL OF
MuLtipLE AuToNomous VEHICLES
A single operator controlling multiple

autonomous vehicles can experience
cognitive overload. NRL built a model

that predicts when human performance
limits have been reached, in order to
provide automatic alerts to direct the
operator’s attention to critical events.

2011 Autonomous NETWORK
MoDELING FRAMEWORK

NRL developed a framework for

rapidly constructing distributed wire-
less network protocol test cases for
controlled, repeatable, emulation- and
simulation-based experimentation. The
resulting capability is being used to plan
and execute complex mobile network
scenarios involving large numbers of
heterogeneous wireless links and nodes
operating in challenging environmental
conditions. Instrumentation and visual-
ization tools provide an observable and
interactive experimentation environment
in real time.

201 1 Damace CoNnTROL
TECHNOLOGIES FOR THE TWENTY-
FirsT CENTURY

The DC-21 program is developing
humanoid robotic systems to support
future shipboard firefighting operations.
Advanced human-
system interfaces will
enable natural human-
robot interactions and
supervisory control.

The program consists of
four highly integrated |
elements: Shipboard "‘-
Autonomous Firefight-
ing Robot (SAFFiR),
Human-Robot Interac-
tion for Autonomous
Firefighting Robots,
Fire Suppression Methodologies and
Real-Scale Demonstrations, and Robotic
Firefighter Sensor Development.

i‘"lf. ) -
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2011 Sea NimBus

With a goal of improving detection of
the very quietest underwater threats

3

in shallow water environments, NRL
created an autonomous distributed
sensing and identification technology
for short- (<1 month) and long- (2 to

10 months) duration monitoring over a
wide area. This approach deploys large
numbers of small, inexpensive, power-
efficient/harvesting, intercommunicating
but otherwise unconnected underwater
sensor nodes which through their own
cooperative decision making rise to the
surface and RF-link contact information
and then re-submerge to continue moni-
toring. The principal focus is antisub-
marine warfare in littoral ocean areas,
with applications in other environments
including rivers and harbors.

201 1 Rosortic MATERIALS
TesTING SYSTEM

NRLs robotic system provides high-rate,
fully automated testing to generate large
quantities of response data for character-
izing the behavior of complex materials.

It features six-degree-of-freedom multi-
axial loading, a wireless sensor network
infrastructure, and a whole-field 3D
optical method for measuring displace-
ment and strain fields. Such a system is
expected to influence the design, certifi-
cation, and qualification methodologies
used for sea and aerospace platforms
built from high-performance composite
and other anisotropic materials.

2012 LABORATORY FOR
AuTtoNomous SySTEMS RESEARCH

NRL opened the LASR to become a
nerve center for autonomous systems
research for the Navy and Marine Corps.
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NRL Hosts Its First Annual

(ARLEY INVITATIONAL CONEERENC

AUGUST 15-16,2011

MICROBIAL SYSTEMS
SYNTHETIC BIOLOGY

he professional contributions of Dr. Jerome Karle, 1985 Nobel Laureate in Chemistry, and Dr. Isabella Karle, a 1993 Bower
Award Laureate and 1995 recipient of the National Medal of Science, were critical in enabling the resolution of the molecular
structure and function of complex macromolecules. While fundamental in nature, the Karles’ contributions continue to
have a significant impact on the basic and applied physical, chemical, metallurgical, geological, and biological sciences.
In commemoration of their achievements and broad scientific impact, the U.S. Naval Research Laboratory in Washington, DC, has
initiated an annual invitational conference that will convene the leading authorities and innovators from scientific disciplines that are
on the verge of producing contributions with similar reach and impact. In recognizing the rapid progress of two fields that are helping
the research community realize the promise of the post-genomics era, we selected “Microbial Systems and Synthetic Biology” as the
topic for the first annual Karles Invitational Conference.
The completion of the first decade of research in both fields has resulted in the development of the tools and methods necessary
to make global cellular measurements, integrate these data to map, model, and predict cellular function, and use this systems-level
understanding to guide the rational design, construction, and optimization of novel genetically engineered circuits and organisms. As
a result of this considerable progress, both fields now lie on the verge of combining to develop transformative bioengineered solutions
for recalcitrant problems in energy and biofuel synthesis, environmental remediation, chemical and biological sensing, pharmaceutical
synthesis, and materials science. It is this potential that has elicited considerable interest and investment, and resulted in the
prioritization of systems and synthetic biology research in academia, industry, and government.
The assembled two-day program embodied the diversity of ideas, research approaches, and microbial systems utilized in both of
these fields and provided a forum for approximately 150 multidisciplinary scientists, sponsors, and policy makers to discuss the current
state, challenges, and future of microbial systems and synthetic biology research.

RADM Nevin P. Carr John Montgomery Bhakta B. Rath David A. Honey Subra Suresh Leroy Hood
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John Montgomery welcomes participants to the Karles
Invitational Conference.

Bhakta Rath, Subra Suresh, RADM Nevin Carr, and
John Montgomery.

Synthetic Biological Applications speakers Adam Arkin,
Zach Serber, Arthur Grossman, and Andreas Schirmer
with Bhakta Rath and John Montgomery.

A few members of the organizing committee — Ashley
Monie, Ena Barts, Jennifer Moran, and Denise Quinn.

Keynote speaker David A. Honey with Bhakta Rath and
John Montgomery.

Systems Biology speakers Gary Vora, Pamela Silver,
Hiroaki Kitano, and Bernhard Palsson with Bhakta Rath
and John Montgomery.

Bhakta Rath presented a lunch seminar on the “Life and
Times of Jerome and Isabella Karle.”

Jerome and Isabella Karle with their daughters,
Madeleine Tawney and Louise Hanson; their grandson
Brian Tawney; John Montgomery, Bhakta Rath, and
Lou Massa.

Keynote speaker Leroy Hood with Bhakta Rath and
John Montgomery.

Synthetic Biology speakers Drew Endy, Christopher
Voigt, John Glass, and Steven Benner with Bhakta Rath
and John Montgomery.

Participants enjoyed a lunch seminar titled, “An Introduc-
tion and Brief History of the Naval Research Laboratory.”

Participants enjoyed
the reception at the
end of Day 1.




The Karle Room

Drs. Jerome and Isabella Karle
Dedicated on June 24, 2008
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NRL Karle Room Display

NRL completed its display commemorating the
lives and research of Drs. Jerome and Isabella Karle
in Building 226 at NRL's Washington, DC campus.

The panels describe the Karles’ molecular structure
research from the time they came to NRL in 1946 to their
retirement in 2009, including the research that led to the
1985 Nobel Prize in Chemistry.

The display includes the many congratulatory letters
the Karles received upon their retirement, from President
Barack Obama, Secretary of Defense Robert Gates,
Secretary of the Navy Ray Mabus, and other dignitaries.

Other panels describe the Karles’ colleagues in the
Laboratory for the Structure of Matter, some applications
of the research conducted by their group, and the many
awards and honors the Karles received throughout their
long and successful careers.
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NRL — OUR HERITAGE

The Naval Research Laboratory’s early 20th-century
founders knew the importance of science and technol-
ogy in building naval power and protecting national
security. They equally knew that success depended on
taking the long view, focusing on the long-term needs
of the Navy through fundamental research. NRL began
operations on July 2, 1923, as the United States Navy’s
first modern research institution.

Thomas Edison’s Vision: The first step came in
May 1915, a time when Americans were deeply worried
about the great European war. Thomas Edison, when
asked by a New York Times correspondent to comment
on the conflict, argued that the Nation should look to
science. “The Government,” he proposed in a published
interview, “should maintain a great research labora-
tory....In this could be developed...all the technique
of military and naval progression without any vast
expense.” Secretary of the Navy Josephus Daniels seized
the opportunity created by Edison’s public comments
to enlist Edison’s support. He agreed to serve as the
head of a new body of civilian experts — the Naval
Consulting Board — to advise the Navy on science
and technology. The Board’s most ambitious plan was
the creation of a modern research facility for the Navy.
Congress allocated $1.5 million for the institution in
1916, but wartime delays and disagreements within the
Naval Consulting Board postponed construction until
1920.

The Laboratory’s two original divisions — Radio
and Sound — pioneered in the fields of high-frequency
radio and underwater sound propagation. They pro-
duced communications equipment, direction-finding
devices, sonar sets, and perhaps most significant of all,
the first practical radar equipment built in this country.
They also performed basic research, participating, for
example, in the discovery and early exploration of the
ionosphere. Moreover, the Laboratory was able to work
gradually toward its goal of becoming a broadly based
research facility. By the beginning of World War II,
five new divisions had been added: Physical Optics,
Chemistry, Metallurgy, Mechanics and Electricity, and
Internal Communications.

World War II Years and Growth: Total employ-
ment at the Laboratory jumped from 396 in 1941
to 4400 in 1946, expenditures from $1.7 million to
$13.7 million, the number of buildings from 23 to 67,
and the number of projects from 200 to about 900.
During WWII, scientific activities necessarily were
concentrated almost entirely on applied research. New
electronics equipment — radio, radar, sonar — was
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developed. Countermeasures were devised. New
lubricants were produced, as were antifouling paints,
luminous identification tapes, and a sea marker to help
save survivors of disasters at sea. A thermal diffusion
process was conceived and used to supply some of the
25U isotope needed for one of the first atomic bombs.
Also, many new devices that developed from booming
wartime industry were type tested and then certified as
reliable for the Fleet.

Post-WWII Reorganization: The United States
emerged into the postwar era determined to con-
solidate its significant wartime gains in science and
technology and to preserve the working relationship
between its armed forces and the scientific community.
While the Navy was establishing its Office of Naval
Research (ONR) as a liaison with and supporter of
basic and applied scientific research, it was also encour-
aging NRL to broaden its scope and become, in effect,
its corporate research laboratory. There was a transfer
of NRL to the administrative oversight of ONR and a
parallel shift of the Laboratory’s research emphasis to
one of long-range basic and applied investigation in a
broad range of the physical sciences.

However, rapid expansion during WWII had left
NRL improperly structured to address long-term Navy
requirements. One major task — neither easily nor
rapidly accomplished — was that of reshaping and
coordinating research. This was achieved by transform-
ing a group of largely autonomous scientific divisions
into a unified institution with a clear mission and a
fully coordinated research program. The first attempt
at reorganization vested power in an executive com-
mittee composed of all the division superintendents.
This committee was impracticably large, so in 1949, a
civilian director of research was named and given full
authority over the program. Positions for associate
directors were added in 1954, and the laboratory’s 13
divisions were grouped into three directorates: Elec-
tronics, Materials, and Nucleonics.

The Breadth of NRL: During the years since
World War II, the Laboratory has conducted basic and
applied research pertaining to the Navy’s environments
of Earth, sea, sky, space, and cyberspace. Investiga-
tions have ranged widely — from monitoring the Sun’s
behavior, to analyzing marine atmospheric conditions,
to measuring parameters of the deep oceans. Detection
and communication capabilities have benefitted by
research that has exploited new portions of the elec-
tromagnetic spectrum, extended ranges to outer space,
and provided a means of transferring information



reliably and securely, even through massive jamming. special strengths in physical oceanography, marine

Submarine habitability, lubricants, shipbuilding materi- geosciences, ocean acoustics, marine meteorology, and

als, firefighting, and the study of sound in the sea have remote oceanic and atmospheric sensing.

remained steadfast concerns, to which have been added

recent explorations within the fields of virtual reality, The Twenty-First Century: The Laboratory is

superconductivity, biomolecular science and engineer- focusing its research efforts on new Navy strategic

ing, and nanotechnology. interests in the 21st century, a period marked by global
The Laboratory has pioneered naval research into terrorism, shifting power balances, and irregular and

space — from atmospheric probes with captured V-2 asymmetric warfare. NRL scientists and engineers

rockets, through direction of the Vanguard project are working to give the Navy the special knowledge,

(America’s first satellite program), to inventing and capabilities, and flexibility to succeed in this dynamic

developing the first satellite prototypes of the Global environment. While continuing its programs of basic

Positioning System (GPS). Today, NRL is the Navy’s research that help the Navy anticipate and meet future

lead laboratory in space systems research, as well as needs, NRL also moves technology rapidly from

in fire research, tactical electronic warfare, microelec- concept to operational use when high-priority, short-

tronic devices, and artificial intelligence. term needs arise — for pathogen detection, lightweight
The consolidation of NRL and the Naval Oceano- body armor, contaminant transport modeling, and

graphic and Atmospheric Research Laboratory, with communications interoperability, for example. The

centers at Bay St. Louis, Mississippi, and Monterey, interdisciplinary and wide-ranging nature of NRLs

California, added critical new strengths to the Labora- work keeps this “great research laboratory” at the

tory. NRL now is additionally the lead Navy center forefront of discovery and innovation, solving naval

for research in ocean and atmospheric sciences, with challenges and benefiting the nation as a whole.

HIGHLIGHTS OF NRL RESEARCH IN 2010

The scientific community at NRL conducts innovative research across a wide spectrum of technical areas, much of
it detailed in the NRL Review chapters ahead. The following is a selection of the many projects pursued during 2010.
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Shared-Spectrum Radar: The operation of proximate, concurrently transmitting radars typically requires that the transmis-
sions of each radar be separated in frequency (i.e., frequency multiplexed) such that the radars are not sources of electromagnetic
interference (EMI) to one another. As RF spectral crowding becomes more severe, frequency multiplexing alone may not be able
to support the number of systems that desire to operate in a given portion of the spectrum, thus motivating the development of
shared-spectrum radar. NRLUs Multistatic Adaptive Pulse Compression (MAPC) algorithm has been shown, via simulation, to
mitigate interference successfully in a shared-spectrum radar scenario. The MAPC algorithm is a waveform diversity technique,
wherein each radar transmits a unique waveform, and signal processing in the receiver is used to separate the individual wave-
forms, perform pulse compression, and mitigate interference. Experiments conducted under the Adaptive Pulse Compressor
program using a dual-channel X-band multistatic radar test bed demonstrated greater than 25 dB sensitivity improvement relative
to the Standard Pulse Compressor whose performance is dictated by the cross correlation of the radar waveforms.
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Examples of two
different views (two
sets of vessel track
data) presented to
users based on users’
privileges (e.g., need-
to-know).

Federated Authentication and Authorization System: Security architectures and mechanisms are essential enablers for
data sharing because data stewards are more willing to share when they feel secure with the data protection mechanisms of the
host system. Maritime Domain Awareness (MDA) enterprise applications require the fusion and analysis of many types of data
(e.g., vessel, cargo, people, infrastructure) from multiple data stewards, and thus require such security services. A federated
authentication and authorization system based on bilateral agreements has been developed to manage users from multiple organi-
zations, or coalition partners, that have different need-to-know. An attribute-based access control (ABAC) mechanism that works
with Oracle label security (OLS) has also been developed to satisfy different data handling requirements. The technology provides
secure information sharing through data labeling, federated identity management, single sign-on and logout, and ABAC. These
capabilities have been seamlessly integrated into the MDA Enterprise Node that will support joint users globally.
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Ceramic laser demonstration test bed. The inset shows the transparent 10% Yb**:Lu,0O; ceramic.

Ceramic Laser Demonstrates 74% Efficiency: Lightweight and compact high-power lasers will enable integration of
directed energy weapons systems on tactical platforms. Solid-state crystalline lasers would be ideal for these applications, but are
difficult to grow due to high-temperature growth issues that limit size and quality. However, NRLs Optical Sciences Division has
overcome these challenges by developing a low-temperature ceramization process to fabricate hard-to-grow materials with high
optical quality. This was exemplified by fabrication of ultra-high-purity Yb**-doped Lu,05 nanopowders and then hot pressing to
make a highly transparent 10% Yb>*:Lu,O; ceramic. The ceramic demonstrated lasing at 1080 nm with a world-record efficiency
of 74%. This is a remarkable result considering the high doping level of 10% Yb**. This result paves the way forward for scaling to
beyond 100 kW class laser systems.
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Series showing a 50 cal armor-piercing bullet arriving at the front face of the armor. The impact granulates the ceramic balls;
however, the particles are constrained by the surrounding elastomer, retaining their effectiveness.

Infrastructure Protection - Munitions Transport: New legislation requires that “sensitive” munitions be protected over
their life cycle. NRL has developed shielding that protects missiles during transport on trucks across public roads from attack by
.50 caliber armor-piercing and other ammunition. The technology can be readily extended to other “insensitive munitions” appli-
cations.

Experimental results from the
Remote Explosives Detection
(RED) system. (A) Traces of RDX
deposited onto a plate cut from an
automobile. (B) Infrared camera
image shows the heating effect

of the laser (light blue area) is

D wavelength (um) minimal where no RDX is present.
6.9 7. 7_‘.1 - 7‘.2 7'.3 7'.4 7‘.5 7'.6 7'.7 7.8 (C) Where RDX is present, the
0.0{— TNT Transmission (FTIR) 8 thermal image clearly reveals the

{—= Photothermal Signal heating due to the laser (bright

red dot within the light blue area).
(D) High selectivity: the measured
intensity of the photothermal signal
(red) closely matches the signature
infrared absorption spectrum of
the analyte (black), which in this
example is TNT.
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Standoff Spectroscopic Detection of Trace Explosive Residues Using Infrared Photothermal Imaging: Developing
technology that can detect explosives without the need for swabbing surfaces is a major thrust for the Departments of Defense and
Homeland Security. The ultimate goal is real-time detection from significant standoff distance using techniques that are safe to
people and nondamaging to objects. At NRL, we have developed and field tested a technique that meets these goals. Our approach,
based on infrared lasers and a thermal imaging array, has been demonstrated at the Yuma Proving Ground to detect TNT, RDX,
PETN, C4, Tetryl, Comp B, PBX4, and PE4 explosives residues from at least 10 meters away. Light from an infrared laser tuned to
a wavelength that is selectively absorbed by analytes of interest is directed toward the surface to be interrogated. Thermal imaging
of the surface reveals the resultant localized laser-induced heating. Advantages of this technique relative to competing optical
approaches include eye-safety, stealth, sensitivity, selectivity, and imaging capability. In 2010, we expanded the approach to include
multiwavelength excitation for enhanced sensitivity and selectivity.
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Top: Perspective sketch of the spin-injected field effect
transistor. Bottom: Examples of data showing oscillatory
channel conductance. The wavelength of the oscillation is
predicted to scale inversely with the distance L between the
two FM electrodes, as confirmed by the data.

Electric Field Control of Spin Precession in a Spin-
Injected Field Effect Transistor: Two decades ago, Datta and
Das proposed an experiment involving spin injection, detection,
and spin precession caused by a gate voltage and special relativ-
istic effects on ballistic electrons in the two-dimensional electron
gas (2DEG) channel of a field effect transistor. In their famous
proposal, spin-polarized electrons are injected into the channel
from the left ferromagnetic electrode (FM), with their spin
orientation perpendicular to their velocity vector. In the rest frame of the electrons, the gate electric field transforms as an effective
magnetic (Rashba) field that causes a torque-driven spin precession. The rate of spin precession is proportional to the gate voltage
(Vg), and the voltage recorded at the second FM is high (low) when the spins are parallel (anti-parallel) with the magnetization of
the electrode. The result is a channel conductance that oscillates as a function of gate voltage. NRL has made the first experimen-
tal confirmation of their predictions using an InAs single quantum well (SQW) with a spin-orbit interaction so large that a gate
voltage of a few volts can modulate the Rashba field by several tesla. The importance to the field of spintronics, which proposes the
use of both spin and charge as state variables in next-generation digital electronics, is the demonstration that spin orientation can
be modulated by voltage, a parameter that also can modulate charge transport.

Snapshots of temperature from a simulation of

an explosion in an obstructed channel filled with

a mixture of methane and air as a shock wave
(represented by the heavy black line) collides with and
passes through the flame front, causing the speed
and strength of the reaction to increase drastically.

Deflagration-to-Detonation Transitions in
Large-Scale Methane-Air Mixtures: In light of
several recent tragic explosions in underground coal
mines in the United States and abroad, NRL has been
working to understand how low-speed, low-pressure
flames can accelerate to high-speed deflagrations that
then transition into violent, supersonic, high-pressure
detonation waves that can cause significant losses of
life and property. Our research has resulted in the
w development of computationally efficient models for
: 30 10 the chemical energy release and diffusive processes in
“Tomperature (K Tierned 1500 2 L . .
methane-air mixtures that often form in coal mines
. L SR and other industrial areas. This improved modeling
capability opens the possibility of simulating explosions in large, confined spaces similar to what may be found in underground
mining operations, industrial buildings, or ships. In conjunction with a team of experimentalists from the National Institute for
Occupational Safety and Health (NIOSH), we have been exploring the limits of detonability of methane-air mixtures. Detailed
simulations and concurrent large-scale experiments at NIOSH have shed new light on the ability of detonations to form in systems
previously thought to be undetonable.
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NRL Railgun Experiments: NRL researchers have developed advanced techniques to launch hypersonic projectiles using
electrical energy. The NRL Materials Testing Facility (a) contains an 11 MJ capacitive energy store, a 6-m-long railgun, and a target
chamber. Energy stored in the capacitor banks is discharged into the railgun using a series of high-current, solid-state switches.
Currents of up to 1.5 million amperes driven in parallel metal rails magnetically accelerate 500-gram projectiles to 2.5 km/s (Mach
7) velocities in the barrel. An arc is generated at the muzzle as the projectile leaves the barrel (e). The projectile travels several
meters through a steel transport tube into a shielded target chamber where it impacts a multilayer steel target (b). This target
contained in a steel tube absorbs and contains the projectile energy. A flash X-ray image of the projectile (c) is taken just before it
strikes the target. The projectile impacts the target and penetrates up to six half-inch-thick target plates before coming to a stop (d).
The NRL group has investigated advanced rail, projectile, and insulator designs, as well as high-strength materials and advanced
concepts in an effort to optimize launch dynamics and minimize bore damage generated during launch. Detailed analysis of bore
materials coupled with in situ and ex situ diagnostics and modeling of the launch dynamics have provided insight into the condi-
tions in the bore during launch. Reproducible, high-power launch of hypervelocity projectiles with minimal damage has been
demonstrated. The research program is part of the Navy’s Electromagnetic Railgun program developing electric weapons for a
future naval platform.

The main ion acceleration mechanisms in the
interaction of a high-intensity laser pulse with a thin
foil target. (a) The ASE-pedestal arriving at the target
surface, prior to the peak of the laser pulse, creates
_{;:::'" a plasma. (b) The peak intensity of the laser pulse
; interacts with the preformed plasma, ponderomotively

accelerating electrons into the target. (c) The
accelerated electrons emerge from the target rear
surface, forming an electron sheath due to charge
separation with microscale Debye length. The resulting
quasi-static electric field, of the order of TV/m, leads to

] ] ionization and ion acceleration to multi-MeV energies.
dhis 10 Laseern dhcith iccrlerati (d) Energetic ions (protons or deuterons) induce

) iy nuclear reactions in the target, producing neutrons.

Ultrashort Laser Target Production of
Directed Neutrons: NRL is investigating multi-MeV ion acceleration from the interaction of an intense ultrashort laser pulse
with a thin planar foil target, to exploit the feasibility of producing directional energetic neutrons (protons) for detection of
Special Nuclear Materials (SNM). When an intense (>1018 W cm™2) ultrashort laser pulse irradiates a thin foil target, protons
are generated from hydrogenated contamination layers on the surfaces of the foil and are accelerated as a result of electric-field
formation. Protons with energies up to 60 MeV have been measured. The proton beams have a number of unique properties
including high brightness and ultralow emittance. This laser-based source of ions is ideal for a number of military and civilian
applications because of its compactness, excellent beam quality (highly directional beam), and reduced angular spread, making it
unique for beam target production of neutrons/protons. The neutrons/protons can be used directly to probe nuclear materials, as
is already done in radiographing nuclear materials, or as a beam source irradiating a selected target to produce energetic gammas.
These two options provide the basis for using neutrons and/or protons as a diagnostic tool to interrogate hidden nuclear materials.
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A Ti/Au-shunted van der Pauw disc (left) produces a linear magnetoresistance of ~600% at 12 T (right). The
sensitivity of the device as a function of gate voltage is directly proportional to the Dirac point (top inset), and small
Shubnikov—de Haas oscillations are observed (bottom inset) indicating the quality of the material.

Anomalously Large Linear Magnetoresistance Effects in Graphene: NRL scientists in the Electronics Science and
Technology Division have demonstrated that by fabricating graphene devices with intentional inhomogeneities such as metallic
shunts that change the paths of charge carriers as an applied magnetic field is varied, large linear magnetoresistances can be
observed. The devices have the largest magnetoresistances ever observed in graphene, and because the magnetoresistance is
proportional to the square of the mobility, the devices have the potential to become some of the most sensitive magnetic sensors
ever made, which suggests a rare and important application for as-grown, unmodified graphene.

Focus
Electrode Cathode

Electron gun (left), MICHELLE simulation of beam formation showing beam slices at successive axial positions (center), and
assembled beam generation and transport system (right). MICHELLE is an NRL-developed electron beam simulation tool,
which was essential to this successful development effort.

Development of a Sheet Electron Beam for Millimeter-Wave Amplifiers: NRL researchers recently developed a

100 kW sheet electron beam that will be used to power a new class of compact, high-power, millimeter-wave amplifiers
(frequencies from 35 to 220 GHz). The sheet beam, up to 4.5 A at 22 kV, is produced by a unique electron gun, which focuses the
beam down to a narrow 0.3 mm X 4 mm ribbon. A permanent magnet that was developed for this device produces the 8.5 kG
uniform field needed to transport the beam through the amplifier circuit. At the nominal 19.5 kV operating voltage, 98.5% of the
emitted current was transported through a 0.4 mm x 5 mm beam tunnel over a distance of 20 mm, which is sufficient for a 10 kW
amplifier at 94 GHz. This is the first multi-ampere sheet beam that has been produced at such a low beam voltage and high current
density. This new capability makes possible an order-of-magnitude increase in the power level of millimeter-wave amplifiers,

with no corresponding increase in operating voltage. The ability to generate high power at modest voltages (<20 kV) is critical for
several emerging DoD requirements in areas such as electronic warfare, millimeter-wave radar, and high-data-rate and/or covert
communications.
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Left: The phononic crystal. Right: Measured intensity maps of a 20 kHz acoustic pulse transmitted through

the lens. Focusing peaks are observed at the expected positions (marked with a +) based on a point-source
transducer located 196 cm to the left of the lens, and at angles of 0° (upper) and 15° (lower) with respect to the
horizontal.

Gradient Index Lens for Aqueous Applications: Scientists from the NRL Acoustics Division have designed a phononic
crystal that behaves as an acoustic lens at sonic frequencies in water. The lens is an example of an acoustic metamaterial, a new
class of materials designed to have special properties that typically do not exist in nature. The phononic crystal is composed of a
regular array of stainless steel cylinders that act together through sub-wavelength scattering as a homogenized composite medium.
The cylinder diameters are varied along one axis of the crystal, producing a graded index of refraction. The Acoustic Division’s

graded index design has been experimentally demonstrated to focus sound in the same manner as an ideal, graded optical lens
focuses light.

The module containing HICO™ is shown docked to the
Japanese Kibo facility on the International Space Station.
HICO™ images through a slot in the nadir-facing panel of the
payload module, with the ability to point the line of sight in the
direction perpendicular to the Space Station’s motion to image
scenes that are not directly under the Space Station’s orbital
path. (Photograph courtesy NASA)

HICO™ Completes Its First Year of Imaging Operations
from the International Space Station: The NRL Hyperspectral
Imager for the Coastal Ocean (HICO™) completed its first year of
operation on the International Space Station in September 2010,
: collecting during that time approximately 2000 hyperspectral
..,_,_ | images of littoral environments worldwide. Sponsored by the Office
o —':" ‘:1‘:’.‘“ . of Naval Research as an Innovative Naval Prototype and designed
and built by the NRL Remote Sensing Division, HICO™ images the Sun-illuminated coastal ocean and adjacent land at 92 m
ground sample distance in as many as 128 wavelength bands, and records a contiguous spectrum of the light from each pixel in the
scene. This spectral data is exploited to extract significantly more information from the image than is possible with conventional
imagery. For the ocean component of the image scene, the hyperspectral data is used to produce maps of in-water dissolved and
suspended matter, coastal bathymetry, bottom type, and underwater visibility. For the land component of the scene, the spectral
information is used to classify onshore vegetation and terrain. The HICO™ imager and product retrieval algorithms are based on
the heritage of more than 20 years of airborne littoral hyperspectral imaging at NRL and other laboratories. The launch of HICO™
to the Space Station, provided by the DoD Space Test Program, extends this capability to the diversity of coastal environments
worldwide, providing an exciting new view of the coastal ocean.
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Left: An ACNFS snapshot of ice concentration (%) for 15 October 2008, with the independent ice edge (thick
black line) from the NIC. Right: Daily mean ice edge distance (km) between the independent NIC observed ice
edge and the ice edge predicted using the 24 hr forecasts from two forecast systems, ACNFS (blue) and PIPS
2.0 (red), for the period July 2007 to June 2009.

Validation of the Arctic Cap Nowcast/Forecast System (ACNES): The ACNFS is a coupled sea ice and ocean data
assimilative system that nowcasts and forecasts ice conditions in the sea ice covered areas in the northern hemisphere. ACNFS
nowecasts/forecasts were compared to independent observations of ice thickness, ice drift, and ice edge location from the National
Ice Center (NIC). The average ice edge error was 76 km as compared to 210 km for the Navy’s existing operational sea ice forecast
system, the Polar Ice Prediction System (PIPS 2.0). The improved physics of the sea ice model and the significant increase in
horizontal resolution of the ACNFS (~3.5 km vs 27 km) has led to improved nowcasts and forecasts of Arctic ice conditions. The
ACNFS will lead to improved knowledge of the ice environment that will be valuable not only to the warfighter but also to the
increased ship traffic that may result from the summer opening of passages that historically have been closed with ice.

Comparison of mean AOD for 2007 for (a) the natural NAAPS model
run; (b) the NASA MODIS satellite data after NRL post-processing;
and (c) the final model analysis with satellite data assimilation. Note
the significant increase in model particle concentrations (i.e., lower
visibility) for South and East Asia.

(b) Satellite Data

Aerosol Data Assimilation Development and Transition: NRLs
Marine Meteorology Division has developed and delivered the world’s first
operational system for the assimilation of aerosol optical depth (AOD)
data from satellite sensors into an aerosol forecast model. This system,
il the NRL Atmospheric Variational Data Assimilation System-Aerosol

0 0.2 04 0.8 Optical Depth (NAVDAS-AOD), is used to improve the Navy Aerosol

Aerosol Optical Thickness (550 nm) Analysis and Prediction System (NAAPS). NAAPS is used by Department

of Defense and civilian users to forecast severe visibility reduction events

caused by dust, smoke, and pollution. Implementation of NAVDAS-AQOD at the Fleet Numerical Meteorology and Oceanography
Center (FNMOC), assimilating quasi-operational NASA Moderate Resolution Imaging Spectroradiometer (MODIS) data, has
nearly halved errors in Navy aerosol forecasts. New breakthrough technologies developed for this system in 2010 include a data-
assimilation-grade over-land AOD product, CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) space-based lidar
capabilities, and a 3D variational analysis (3DVAR) component.
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Intense laser radiation is focused onto a gold
target and generates relativistic electrons,
positrons, and gamma rays.

Gamma-Ray and Positron Generation in High Energy Density Laboratory Plasmas: NRL Space Science Division
(SSD) scientists have recorded for the first time mega-electron volt (MeV) gamma-ray spectra that are generated inside solid-
density targets irradiated by intense picosecond lasers. The strong electric field of the laser beam accelerates electrons to MeV
energies which produce slowing-down (Bremsstrahlung) gammas and positrons. The Bremsstrahlung gammas were recorded
by two solid-state electronic detectors, and the 0.511 MeV gammas resulting from positron annihilation inside the target
were observed for the first time using an SSD spectrometer. These experiments simulate in a controlled laboratory setting the
production and propagation of energetic radiation and particles in dense astrophysical objects and the extreme conditions of
thermonuclear fusion weapons and are therefore representative of the most energetic phenomena in the Universe.
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NASA’s Fermi Gamma-Ray Space Telescope Points the Way to New Millisecond Pulsars: Since August 2008, the
Fermi Large Area Telescope, in which NRL is a major partner, has been scanning the sky in the gamma-ray band, pinpointing
more than 1500 new gamma-ray sources in the first year alone. More than 600 of these sources were not coincident in position
with any known cosmic source that could be powering the gamma-ray emission. Over the past year, an international team of

radio astronomers, led by NRL, has made deep searches of many of these sources with radio telescopes around the world. These
searches have resulted in the discovery of more than 30 new millisecond pulsars, increasing the known population of these rapidly
rotating neutron stars in our Galaxy by 30%! Millisecond pulsars are neutron stars weighing more than our Sun that spin on their
axis hundreds of times per second, making them nature’s most precise clocks. In addition to identifying the sources powering the
gamma rays, these new discoveries provide stellar laboratories where the physics of extreme density, gravitation, and magnetic field
can be studied in regimes inaccessible to Earth-bound experiments.
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Diagram of the free-space lasercomm tactical network demonstration at Empire Challenge 2010. Video and pan/
tilt/'zoom (PTZ) control of an AXIS P3344 HD camera at Ridge Hill and video from fixed AXIS P1346 HD cameras
equipped with MRR communication devices were passed to the command center over the 100 Mbps lasercomm link.

Free-Space Lasercomm Successfully Demonstrated at Empire Challenge 2010: During Empire Challenge 2010 (an
annual intelligence, surveillance, and reconnaissance demonstration) at Fort Huachuca, Arizona, NRL demonstrated a 5.25-mile,
direct free-space optical (FSO) lasercomm link operating full duplex at 100 Mbps from Ridge Hill in the South Test Range back
to the main command center at the Intelligence Systems Integration Laboratory (ISIL) compound. NRL also demonstrated three
different modulating retroreflector (MRR) links to transfer streaming video from Office of Naval Research (ONR)-sponsored
sensors at ranges of ~1.5 miles to ~3.2 miles. The MRR-equipped sensors were interrogated from Ridge Hill and the video was
passed over the 100 Mbps FSO link to the command center.
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Virtual Mission Operations Center
(VMOC) Deployed: NRL has deployed a
remarkable capability that has been the focus
of a six-year project developed in concert with
numerous government and industry partners.
Developed by NRLs Spacecraft Engineering
Department, the Virtual Mission Operations
Center (VMOC) is a Web-enabled multi-
application service that ushers in a new era for globally dispersed military users of DoD, commercial, and civilian satellite
payloads. Approved users can submit requests for satellite services, and these will be automatically prioritized, evaluated, and if
approved, autonomously loaded into a Satellite Operations Center upload buffer. This new capability will dramatically improve
satellite utilization and speed of command, critical in today’s dynamic battlefield.
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NRL TODAY

ORGANIZATION AND ADMINISTRATION

The Naval Research Laboratory is a field command
under the Chief of Naval Research, who reports to the
Secretary of the Navy via the Assistant Secretary of the
Navy for Research, Development and Acquisition.

Heading the Laboratory with joint responsibilities
are CAPT Paul C. Stewart, USN, Commanding Officer,
and Dr. John A. Montgomery, Director of Research.
Line authority passes from the Commanding Officer
and the Director of Research to three Associate Direc-
tors of Research, the Director of the Naval Center
for Space Technology, and the Associate Director for
Business Operations. Research divisions are organized
under the following functional directorates:

 Systems

Materials Science and Component Technology

o Ocean and Atmospheric Science and
Technology

« Naval Center for Space Technology

The NRL Fact Book, published every two years,
contains information on the structure and functions of
the directorates and divisions.

NRL operates as a Navy Working Capital Fund
(NWCEF) Activity. All costs, including overhead, are
charged to various research projects. Funding in FY10
came from the Chief of Naval Research, the Naval
Systems Commands, and other Navy sources; govern-
ment agencies such as the U.S. Air Force, the Defense
Advanced Research Projects Agency, the Department
of Energy, and the National Aeronautics and Space
Administration; and several nongovernment activities.

PERSONNEL DEVELOPMENT

At the end of FY10, NRL employed 2706 persons
— 36 officers, 58 enlisted, and 2612 civilians. In the
research staff, there are 813 employees with doctorate
degrees, 325 with master’s degrees, and 449 with bach-
elor’s degrees. The support staff assists the research
staff by providing administrative support, computer-
aided design, machining, fabrication, electronic con-
struction, publication and imaging, personnel develop-
ment, information retrieval, large mainframe computer
support, and contracting and supply management
services.

Opportunities for higher education and other
professional training for NRL employees are available
through several programs offered by the Employee
Relations Branch. These programs provide for graduate
work leading to advanced degrees, advanced train-
ing, college course work, short courses, continuing

education, and career counseling. Graduate students,
in certain cases, may use their NRL research for thesis
material.

For non-NRL employees, several postdoctoral
research programs exist. There are also agreements with
several universities for student opportunities under the
Student Career Experience Program (formerly known
as Cooperative Education), as well as summer and part-
time employment programs. Summer and interchange
programs for college faculty members, professional
consultants, and employees of other government agen-
cies are also available. These programs are described
in the NRL Review chapter “Programs for Professional
Development.”

NRL has active chapters of Women in Science and
Engineering (WISE), Sigma Xi, Toastmasters Inter-
national, and the Federal Executive and Professional
Association. An amateur radio club, a drama group,
and several sports clubs are also active. NRL has a
Recreation Club that provides gymnasium and weight-
room facilities. NRL also has an award-winning Com-
munity Outreach Program. See “Programs for Profes-
sional Development” for details on all these programs
and activities.

NRL has its very own credit union. Established
in 1946, NRL Federal Credit Union (NRLFCU) is a
sound financial institution that serves about 20,000
NRL employees, contractors, select employee groups,
and their families. Focusing on its mission of Trusted
Partners for Life, NRLFCU provides many free and
low-cost products and services including free bill
payer, great rates on deposits, credit cards, auto loans,
mortgages and more. It offers direct deposit, online
access, three local branches (one of them located in
Bldg. 222) and nationwide access via the National
Shared Branching Network. NRLFCU also offers
full-service investment and brokerage services. For
more information, call 301-839-8400 or log onto www.
nrlfcu.org.

Public transportation to NRL is provided by Metro-
bus. Metrorail service is three miles away.

SITES AND FACILITIES

NRDs main campus in Washington, D.C., consists
of 87 main buildings on about 130 acres. NRL also
maintains 11 other research sites, including a vessel
for fire research and a Flight Support Detachment.
The many diverse scientific and technological research
and support facilities are described here. More details
can be found in the NRL Major Facilities publication at
www.nrl.navy.mil.
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NRL'researchers'working in
for Nanoscience cléan room:
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he revolutionary opportunities
available in nanoscience and
nanotechnology led to a National

Nanotechnology Initiative in 2001. The NRL
Institute for Nanoscience was established in that same
year with a current annual budget of $11 million in
core research funds. The prospect for nanoscience
to provide a dramatic change in the performance of
materials and devices was the rationale for identifying
this emerging field as one of the DoD strategic research
areas for basic research funding on a long-term basis.
The mission of the NRL Institute for Nanosci-
ence is to conduct highly innovative, interdisciplinary
research at the intersections of the fields of materials,
electronics, and biology in the nanometer size domain.
The Institute exploits the broad multidisciplinary
character of the Naval Research Laboratory to bring
together scientists with disparate training and back-
grounds to pursue common goals at the intersection
of their respective fields in systems at this length scale.
The Institute provides the Navy and DoD with sci-
entific leadership in this complex, emerging area and
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identifies opportunities for advances in future defense

technology. NRL’s nanoscience research programs and
accomplishments directly impact nearly all Naval S&T
focus areas.

The Institute’s current research program empha-
sizes multidisciplinary, cross-division efforts in a wide
range of science and technology applications:

o Ultra-low-power electronics

« Quantum information processing

+ Chem/bio/explosive sensing

» Energy conversion/storage

« Photonics/plasmonics

« Multifunctional materials

» Biomimetics

« Biologically based complex assembly

The Institute for Nanoscience building, opened in
October 2003, provides NRL scientists access to state-
of-the-art laboratory space and fabrication facilities.
The building has 5000 ft* of Class 100 clean room space
for device fabrication, 4000 ft*> of “quiet” space with
temperature controlled to +0.5 °C, acoustic isolation
at the NC35 standard (35 dB at 1 kHz), floor vibration
isolation to <150 um/s rms at 10 to 100 Hz and <0.3
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mOe magnetic noise at 60 Hz, and 1000 ft* of “ultra-
quiet” laboratory space with temperature controlled
to £0.1 °C and acoustic isolation at the NC25 standard
(25 dB at 1 kHz). Clean room equipment includes a
wide range of deposition and etch systems; optical
mask aligners; an electron beam writer; a focused ion
beam writer; an optical pattern generator for mask
making; a plasma-enhanced atomic layer deposition
system; a laser machining tool; a wide variety of char-
acterization tools; and more. +

Transmission electron microscopy.

Metrology.

The Institute for Nanoscience research building.
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has gained worldwide renown as the “birthplace of U.S. radar,” and

for more than half a century has maintained its reputation as a leading

center for radar-related research and development. A number of facilities
managed by NRL'’s Radar Division continue to contribute to this reputation.

A widely used major facility is the Compact
Antenna Range (operated jointly with the Space Sys-
tems Development Department) for antenna design
and development and radar cross section measure-
ments. The range is capable of simulating far-field con-
ditions from 1 to 110 GHz, with a quiet zone approxi-
mately 7 ft in diameter and 8 ft in length. Instrumenta-
tion covers from 1 to 95 GHz. Another strong division
capability is in the Computational Electromagnetics
(CEM) Facility, which has capabilities for complex
electromagnetic modeling, including radar target and
antenna structures. The Radar Signature Calculation
Facility produces detailed computations of radar cross
sections of various targets, primarily ships. The CEM
facility includes multiple-CPU supercomputers that
are also used to design phased array radar antennas.
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The tremendous synergism between the CEM group
and the Compact Antenna Range Facility provides the
ability to design in the CEM environment, to test in
the compact range, and to have immediate feedback
between the theoretical and experimental aspects to
shorten the development cycle for new designs.

In connection with airborne radar, the division
operates a supercomputer-based Radar Imaging Facil-
ity and an inverse synthetic aperture radar (ISAR)
deployed either in the air, on the ground, or aboard
ship for radar imaging data collection. A P-3 aircraft
equipped with the AN/APS-145 radar and cooperative
engagement capability is also available for deploying
experiments.

In connection with ship-based radar, the division
operates the Radar Testbed Facility at the Chesapeake

Th'e,AMRFC testbed., located atN’RL’s CBD)
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Bay Detachment (CBD) near Chesapeake Beach,
Maryland. The site has radars for long-range air
search and surface search functions and features the
newly developed W-band Advanced Radar for Low
Observable Control (WARLOC), a fully operational
high-power coherent millimeter-wave radar operating
at 94 GHz. The WARLOC transmitter is capable of
producing 10 kW average power with a variety of
waveforms suitable for precision tracking and imaging
of targets at long range. Waveforms with a bandwidth
of 600 MHz can be transmitted at full power. A 6-ft
Cassegrain antenna is mounted on a precision pedestal
and achieves 62 dB of gain.

The Advanced Multifunction Radio Frequency
Concept (AMRFC) testbed is a new installation at CBD ,
operated by the Radar Division, with joint participation Compact Range Facility.
of several other NRL divisions as well. The goal of the
AMREC program is to demonstrate the integration of
many sorts of shipboard RF functions, including radar,
electronic warfare (EW), and communications, by
utilizing a common set of broadband array antennas,
signal and data processing, and signal generation and
display hardware. The testbed consists of separate
active transmit and receive arrays that operate over the
6 to 18 GHz band (nominally). Current functionality
of the testbed includes a multimode navigation/surface
surveillance Doppler radar, multiple communication
links (line-of-sight and satellite), and passive and active
EW capabilities. Testbed electronics are housed in
seven converted 20-ft shipping containers and trailers.
The arrays are mounted on a 15° tilt-back in the ends
of two of the trailers overlooking the Chesapeake Bay,
simulating a possible shipboard installation.

The division also has access to other radar systems: Radar antennas in front of and on the roof of the Radar Test Facility.
the Microwave Microscope (MWM); the Navy’s
relocatable over-the-horizon radar (AN/TPS-71); and
an experimental Cooperative Aircraft Identification
system. The internally developed MWM has a high-
resolution (2 cm) ultrawideband capability that is used
to investigate backscatter from surface and volumetric
clutter, has through-wall detection capability, and char-
acterizes the impulse responses of scattering objects.

The division provides direct technical support for AN/
TPS-71 and has direct access to data. The Cooperative
Aircraft Identification system is used to explore system
concepts and engineering developments in connection
with target identification. +
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RL’s Information Technology

Division (ITD) conducts basic

research, exploratory develop-
ment, and advanced technology demon-
strations in the collection, transmission,
processing, dissemination, and presenta-

tlon of information. ITD’s research program spans
the areas of artificial intelligence, autonomous systems,
high assurance systems, tactical and strategic computer
networks, large data systems, modeling and simulation,
virtual and augmented reality, visual analytics, human/
computer interaction, communication systems, trans-
mission technology, and high performance computing.
NRL’s RF Communications laboratory conducts
research in satellite communications systems and
modulation techniques, develops advanced systems
for line-of-sight communications links, and conducts
designs for the next generation of airborne relays.
A Voice Communication Laboratory supports the
development of tactical voice technology, a Wireless
Networking Testbed supports the development of
Mobile Ad Hoc Networking (MANET) technology,
and an Integrated Communications Technology Test
Lab provides the capability to perform analysis, testing,
and prototype development of high-speed wired and
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wireless networked data communication systems. A
Freespace Laser Communications Laboratory supports
the design and development of prototype technical
solutions for Naval laser communications requirements.
ITD research networks connect internal NRL networks
via high-speed links to the Defense Research and
Engineering Network (DREN) and to a multi-agency
Washington-metro all-optical research network that
provides a development and testing venue for Global
Information Grid (GIG) technology. ITD’s High Per-
formance Computing Facilities and the Laboratory for
Large Data provide an OC-192c based environment for
experimentation and proof-of-concept development in
high performance networking and the use and sharing
of extremely large (petabytes and larger) data sets.

The Cryptographic Technology Laboratory supports
the development of certifiable Communications Security
(COMSEC) and Information Assurance (IA) products,
including programmable cryptographic devices, crypto-
graphic applications, and high assurance cross-domain
solutions. The Naval Key Management Laboratory
investigates electronic key management and networked
key distribution technologies for the Navy and DoD. The
Cyber Defense Development Laboratory provides direct
support to the Fleet in the areas of computer network
defense and visualization, cross-domain solutions, and
reverse code analysis.



The Autonomous Systems and Robotics Labo-
ratory provides the ability to develop and evaluate
intelligent software and interfaces for autonomous
vehicles. The Immersive Simulation Laboratory utilizes
a collection of commercial off-the-shelf and specially
developed components to support R&D in interfaces
for virtual simulators, ranging from fully immersive to
desktop simulations. The Warfighter Human System
Integration Laboratory maintains a range of Virtual
Environment interface technologies as well as wearable,
Wi-Fi physiological monitors and associated real-time
processing algorithms for use in adaptive operational
and training support technologies. The core of the new

NRL RESEARCH DIVISIONS

Visual Analytics Laboratory is a display wall composed
of LCD tiles, which enable teams of analysts to explore
massive, diverse streams of data, supporting research
into the science of analytical reasoning facilitated by
visual interfaces. The Service Oriented Architecture
Laboratory is used to investigate, prototype, and evalu-
ate flexible, loosely coupled Web services that can

be rapidly combined to meet dynamically changing
warfighter needs. The Behavioral Detection Laboratory
supports the development of algorithms, processes, and
sensor suites associated with behavioral indicators of
deception. +

The Navy Center for Applied Research in Artificial Intelligence uses
Mobile, Dexterous, Social robots Octavia and Isaac to support re-
search in human-robot interaction and autonomy.

Prototype of the Navy’s future multitask, multimodal watchstation,
known as the Common Display System, located inside the NRL Audio
Lab’s 48-element spherical loudspeaker array. The Audio Lab’s facili-
ties are used for a wide variety of applied auditory research purpos-
es, including simulations of aural environments in real-world settings,
such as Navy combat information centers and open spaces.
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he Optical Sciences Division has
a broad program of basic and
applied research in optics and

electro-optics. Areas of concentration include fiber
optics and fiber-optic sensing, materials and sensors
for the visible and infrared (IR) spectral regions, inte-
grated optical devices, signal processing, optical infor-
mation processing, panchromatic and hyperspectral
imaging for surveillance and reconnaissance, and laser
development.

The division occupies some of the most modern
optical facilities in the country. The newest facility
in Optical Sciences is the Advanced Optical Materi-
als Fabrication Laboratory, a state-of-the-art cluster
system for vacuum deposition of thin films. The facil-
ity consists of a series of interconnected high vacuum
chambers, allowing complex, multilayer films to be
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deposited without breaking vacuum during processing.
The system includes a glove box, sample distribution
robot, sputtering chambers for chalcogenide materials
and oxides, evaporators for metals and dielectrics, and a
mask changing module to enable layers to be patterned
in situ while eliminating interface effects that result from
exposure to air. Three other recently added facilities
include the Optical Fiber Preform Fabrication Facility
for making doped and undoped, multimode, single-
mode, multi-core, and photonic crystal glass preforms

at temperatures as high as 2300 °C; the Surface Charac-
terization Facility for ultraviolet and X-ray photoemis-
sion spectroscopy, atomic force and scanning tunneling
microscopy (STM), and STM-induced light emission
measurements; and the molecular beam epitaxial growth
system dedicated to infrared lasers and detectors based
on GaSb/InAs/AlISb quantum well and superlattice
structures. In addition, an extensive set of laboratories
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exists to develop and test new laser and nonlinear for sintering. The Focal Plane Array Evaluation Facility
frequency conversion concepts and to evaluate non- allows measurement of the optical and electrical charac-
destructive test and evaluation techniques. Fiber-optic teristics of infrared focal plane arrays being developed
sensor testing stations include acoustic test cells and for advanced Navy sensors. The IR Missile-Seeker Evalu-
a three-axis magnetic sensor test cell. There is also an ation Facility performs open-loop measurements of the
Ultralow-loss Infrared Fiber-Optic Waveguide Facil- susceptibilities of IR tracking sensors to optical counter-
ity using high-temperature IR glass technology. The measures. A UHV multichamber deposition apparatus is
facilities for ceramic optical materials include powder used for fabrication of electro-optical devices and can be
preparation, vacuum presses, and a 50-ton hot press interlocked with the Surface Characterization Facility.

+

The Optical Fiber Preform Fabrication Facility includes
computer control of the glass composition and standard
fiber-optic dopants as well as rare earths, aluminum, and
other components for specialty fibers.

The Optical Sciences Surface Characterization Facility
includes instrumentation for ultraviolet and X-ray photo-
emission spectroscopy (UPS and XPS), atomic force
and scanning tunneling microscopy (AFM and STM), and
STM-induced light emission (STM-LE) measurements.

o bt =4
i e -

- 1 - -.
MX-20SW hyperspectral sensors.

Molecular beam epitaxy (MBE) system dedicated to
quantum confined GaSb/InAs/AISb structures for mid-
wave infrared laser development.
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Tactical Electronic Warfare

Learjet with simulators during RIMPAC exercises.

he Tactical Electronic Warfare

(TEW) Division’s program for

electronic warfare (EW) research
and development covers the entire elec-

tromagnetic spectrum. The program includes
basic technology research and advanced developments
and their applicability to producing EW products.

The range of ongoing activities includes components,
techniques, and subsystems development as well as
system conceptualization, design, and effectiveness
evaluation. The focus of the research activities extends
across the entire breadth of the battlespace. These
activities emphasize providing the methods and means
to detect and counter enemy hostile actions — from
the beginning, when enemy forces are being mobilized
for an attack, through to the final stages of the engage-
ment. In conducting this program, the TEW Division
has an extensive array of special research and develop-
ment laboratories, anechoic chambers, and modern
computer systems for modeling and simulation work.
Dedicated field sites, an NP-3D EW flying laboratory,
and Learjets allow for the conduct of field experiments
and operational trials. This assemblage of scientists,
engineers, and specialized facilities also supports the
innovative use of all Fleet defensive and oftensive EW
resources now available to operational forces. +
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Radio Frequency
Countermeasures
anechoic chamber
for EW testing.
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= A high-performance, hardware-in-the-loop simulator for
TEWD develops and implements advanced visualization

tools to support EW systems development and analysis.

real-time closed-loop testing and evaluation of electronic
warfare systems and techniques to counter the antiship
missile threats.

Deployed EW sub-
system to improve
emitter detection and
classification based
on conceptualization
and development
performed in TEW.

EATES — Electronic Attack Technique Evaluation System,
a stand-alone portable EA testing system.

Dragon Eye

NRL'’s Vehicle Research Section (VRS) in the TEW Division develops technologies for autonomous, affordably expendable,
unmanned systems that carry a wide variety of payloads for numerous mission scenarios. The VRS has developed more than
50 unmanned flying machines since the mid-1970s: fixed and rotary wing vehicles, ground, ship, and air deployed vehicles, EW
decoys, reconnaissance aircraft, electric vehicles powered by fuel cells, unpowered vehicles, vehicles designed for planetary
exploration, and more.
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NRL has designed and constructed a state-of-the-art trace
explosives detection testbed system that will facilitate the
development and evaluation of new materials, sensors, and

46

instrumentation for explosives detection.

RL has been a major center for
chemical research in support of
naval operational requirements

since the late 1920s. The Chemistry Divi-

sion continues this tradition. The Chemistry Division
conducts basic research, applied research, and develop-
ment studies in the broad fields of diagnostics, dynam-
ics, synthesis, materials, surface/interfaces, environ-
ment, corrosion, combustion, and fuels. Specialized
programs currently within these fields include the
synthesis and characterization of organic and inorganic
materials, coatings, composites, nondestructive evalu-
ation, surface/interface modification and characteriza-
tion, nanometer structure science/technology, chemical
vapor processing, tribology, solution and electrochem-
istry, mechanisms and kinetics of chemical processes,
analytical chemistry, theoretical chemistry, decoy
materials, radar-absorbing materials/radar-absorbing
structures (RAM/RAS) technology, chemical/biologi-
cal warfare defense, atmosphere analysis and control,
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environmental remediation and protection, corrosion
science and engineering, marine coatings, personnel
protection, and safety and survivability. The Division
has several research facilities.

Chemical analysis facilities include a wide range of
modern photonic, phononic, magnetic, electronic, and
ionic based spectroscopic/microscopic techniques for
bulk and surface analysis.

The Magnetic Resonance Facility includes
advanced high-resolution solid-state nuclear magnetic
resonance (NMR) spectroscopy techniques to observe
nuclei across much of the periodic table and provides
detailed structural and dynamical information.

The Synchrotron Radiation Facility has intense,
monochromatic X-ray photon beams tunable from 10
eV to 35 KeV available from four beam lines developed
by NRL at the National Synchrotron Light Source at
the Brookhaven National Laboratory.

The Nanometer Characterization/Manipulation
Facility includes fabrication and characterization
capability based on scanning tunneling microscopy/
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spectroscopy, atomic force microscopy, and related
techniques.

The Materials Synthesis/Property Measurement
Facility has special emphasis on polymers, surface-film
processing, and directed self-assembly.

The Chemical Vapor and Plasma Deposition Facil-
ity is designed to study and fabricate materials such as
diamond using in situ diagnostics, laser machining,
and plasma deposition reactors.

The Navy Fuel Research Facility performs basic
and applied research to understand the underlying
chemistry that impacts the use, handling, and storage
of current and future Navy mobility fuels.

Fire research facilities include a 11,400 ft’ fire-
research chamber (Fire I) and the 457-ft ex-USS
Shadwell (LSD 15) advanced fire research ship. Com-
mensurate support has been devoted to survivability of
the new classes of ships, DDX, LPD 17, LCS, CVNX,
and LHA(R).

The Marine Corrosion and Coatings Facility
located on Fleming Key at Key West, Florida, offers
a “blue” ocean environment and unpolluted, flowing
seawater for studies of environmental effects on mate-
rials. Equipment is available for experiments involving
accelerated corrosion and weathering, general corro-

Optical image (left), scanning electron micro-
graph (middle), and transmission electron mi-
crograph (right) of an FeOx—carbon nanofoam
used potentially as negative electrodes in next-
generation aqueous-based electrochemical
capacitors and nonaqueous Li-ion batteries.

0.5 cm

WRL Monskid

sion, long-term immersion and alternate immersion,
fouling, electrochemical phenomena, coatings applica-
tion and characterization, cathodic protection design,
ballast water treatment, marine biology, and corrosion
monitoring.

The Chemistry Division has focused on force pro-
tection/homeland defense (FP/HD) since September
11, 2001, especially on the development of improved
detection techniques for chemical, biological, and
explosive threats. As part of a multidivisional program
to develop new technology systems, the Chemistry
Division is a major contributor to the NRL Institute
for Nanoscience. Nanoscience complements FP/HD
in that nanoscience is expected to provide dramatic
improvements to chemical/biological detection, pro-
tection, and neutralization. Chemistry will approach
the nanoscale from the bottom up — building smaller
atoms and molecules into nanostructures with new
properties and developing the directed assembly of
nanostructures into hierarchical systems. The NRL
Nanoscience building is linked directly into the Chem-
istry building to provide controlled access and auxiliary
space for work not requiring a “low noise” environ-
ment. +

Comparison of a legacy nonskid coating to an
NRL-developed organosiloxane nonskid coat-
ing. Left: Five-month service comparing legacy
nonskid to NRL organosiloxane applied to the
USS Ponce LPD 15. The NRL system holds
its deck gray color while the legacy nonskid
systems degrade to an ocean gray from solar
radiation. Right: Two 6-in. x 12-in. x 1/4-in.
steel plates. The lower plate is coated with the
NRL organosiloxane, while the upper plate

is coated with the legacy nonskid. 400 hours
of accelerated UV testing show the improved
color stability of the NRL system over the
legacy system.
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he Materials Science and Tech-
nology Division at NRL provides
expertise and facilities to foster

materials innovation. The Division houses many
specialized and unique facilities for carrying out basic
and applied materials synthesis and characterization
research.

The Magnetoelectronics Fabrication Facility con-
sists of a Class 1000 clean room equipped with tools
for lithographic construction of magnetoelectronic and
spintronic devices. It provides pattern definition, met-
allization, dielectric layer deposition, and both reactive
and Ar* jon etching of wafers and small pieces.

The Electrical, Magnetic, and Optical Measurement
Facility contains several complementary instruments
that allow for the magnetic, electrical, optical, and heat
capacity characterization of materials and devices.
SQUID (superconducting quantum interference
device) magnetometry and vibrating sample magne-
tometry are used to determine important properties
of superconducting, paramagnetic, diamagnetic, and
ferromagnetic materials. The transport properties of
materials, namely the temperature- and magnetic-field-

2011 NRL REVIEW | the naval research laboratory

dependent resistivity combined with heat-capacity
measurements, allow for a fundamental physical under-
standing of electronic properties.

The Materials Processing Facility includes appa-
ratuses for powder production by fluid atomization,
thermal evaporation, and arc erosion, and a physical
vapor deposition system designed to produce and coat
submicron powders in situ. Facilities to process powder
into bulk specimens by hot and cold isostatic pressing
permit a variety of consolidation possibilities. The iso-
thermal heat treatment facility and quenching dilatom-
eter permit alloy synthesis and single crystal growth.
Bulk alloys can be prepared by induction melting, while
rapid solidified metals of thin cross section can be
made by splat quenching and melt spinning. Ceramic
and ceramic-matrix composites processing facilities
include a wide variety of conventional, controlled
atmospheric furnaces, hot presses, a ball milling appa-
ratus, particle size determination capability, and sol-gel
and organometallic coating processing capabilities.

The Mechanical Characterization Facility consists
of various testing systems, many with automated com-
puter control and data acquisition, for determining
the mechanical response of materials under controlled
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NRL GelMan human surrogate technology is used to record and analyze dynamic responses to blast pressure and impacts.
GelMan torso measurement systems assess pressure transmission directly into the body, and through body armor into the
body. GelMan-Brain systems quantify headborne protective equipment performance with the aim of reducing traumatic brain
injury.

loading/deformation and environmental conditions. with secondary and backscattered electron imaging
Basic capabilities include quasi-static tensile and capabilities, as well as energy dispersive spectrometry
fracture testing, dynamic storage and loss moduli as a (EDS) and electron backscatter diffraction (EBSD). In
function of frequency and temperature, cyclic fatigue addition, this field-emission microscope operates in
crack growth and corrosion fatigue testing, and stress- low-vacuum mode, which allows for high-resolution
corrosion cracking testing. imaging of nonconductive materials without coatings

The Thin-Film Materials Synthesis and Processing or any additional preparation. Other standard micro-
Facility provides users a wide variety of techniques for structure characterization instruments are also avail-
growth and processing of thin films (thickness 1 pm able. +

or less). Sputter deposition offers a versatile method of
depositing metallic and dielectric films and is a primary
tool of this facility. Thermal evaporation

of metals is implemented in both high-
vacuum and ultra-high-vacuum systems.
Pulsed laser deposition (PLD) with variable
stage temperature and controlled atmo-
sphere allows growth of oxides. Electrolytic
deposition offers efficient growth of gold
and silver films. Laser direct-write ablation
and deposition processes provide unique
methods for imposing CAD-defined fea-
tures via ablation of a substrate film and
ablative mass transfer to a substrate.

The Micro/Nanostructure Character-
ization Facility is capable of performing
transmission electron microscopy (TEM),
scanning transmission electron microscopy
(STEM), atomic resolution transmission
electron microscopy (ARTEM), elec- The JEOL JSM 7001FLV Variable Pressure Field Emission Scanning Electron
tron energy loss spectroscopy (EELS), Microscope, outfitted with EDS and EBSD capabilities.

Z-contrast imaging, and spectral imaging

through the use of a JEOL 2010F transmission electron
microscope, an FEI Tecnai G* 30 analytical transmis-
sion electron microscope, and a JEOL JSM-7001F
Variable Pressure scanning electron microscope
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he Laboratory for Computational

Physics and Fluid Dynamics

(LCP&FD) is a division of physicists,
engineers, and computer scientists who
use high-performance computers to solve
priority problems for the Navy, the DoD,
and the nation when existing capabilities
and readily available commercial software
prove inadequate to the application. For
example, the LCP&FD developed the CT-Analyst crisis
management software (figure above) so first responders
can have instant predictions of an airborne contami-
nant plume in a city.

The LCP&FD maintains a very powerful collection
of computer systems applied to a broad collection of
work. There is currently a total of 320 shared memory
Itanium processors, 2548 clustered x86_64 cores, and
their associated support systems. In addition, there are
more than 50 Macintoshes in the group, most of which
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WA in the CT-Analyst program.
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are capable of large calculations both independently
and in parallel ad hoc clusters.

The shared memory computer systems are com-
prised of three 64-core and one 128-core Itanium 2 SGI
Altix machines. There are four 64-bit x86 multi-core
distributed memory clusters, each well coupled with
Infiniband high speed switched interconnect. The GPU
cluster is comprised of 48 NVIDIA Fermi GPUs tightly
coupled to 24 x86 multi-core processor nodes con-
nected with Infiniband.

Each system has on the order of 72 terabytes of
disk for storage during a simulation, and at least one
gigabyte of memory per processor core. All unclassified
systems share a common disk space for home direc-
tories as well as 1.4 terabytes of AFS space which can
be used from any AFS-capable system throughout the
allowed internet.

Each system is connected to NRLs network
via 10Gb ethernet as well as an internal Infiniband
intranet.

nglu
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Simulations of fire suppression with different sprinkler loca-
tions, fuel flow rates, and under different gravitational environ-
ments allow us to understand the interaction of several differ-
ent physical processes such as vaporization and buoyancy
that are important for fast suppression of flames. The current
Fire-Blast-Mitigation code uses parallel adaptive mesh refine-
ment to handle detailed physics in large domains efficiently.

Numerical simulation of an eruptive solar flare and coronal
mass ejection using the Adaptively Refined Magnetohydrody-
namics Solver (ARMS). The gradual accumulation of a strong
Flow past an unmanned underwater vehicle (UUV) propelled Ionglttudlnallrwagl?etlg field ioncenttrl*aﬁfd near thti Sunsl

by flapping fins with controlled deformation. equator (yellow band on sphere at left) powers the explo-

sive eruption. Electric current sheets (white shading against
the sky) separate regions of oppositely directed fields and
highlight regions permeated by magnetohydrodynamic shock
waves and strong magnetic forces. The computational grid
(red lines against the sky) adaptively refines to capture all of
this fine-scale structure.

Pressure contours resulting from blast interaction with a
helmeted head. The shock wave approaches from the front
(left) and envelopes the geometry; the boundary between
ambient (dark blue) and post-shock (green) air is seen at the
top and bottom right. Interacting shock reflections from the
face, helmet, and torso generate high pressures (red) on the
neck below the chin.
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he Plasma Physics Division is the
major center for in-house Navy and

DoD plasma physics research. The

Division conducts a broad program in laboratory and
space plasma physics and related disciplines, includ-
ing high power lasers, pulsed-power sources, intense
particle beams, advanced radiation sources, materials
processing, and nonlinear dynamics.

The two largest of the Division’s lasers, Nike and
Electra, are krypton fluoride (KrF) lasers operating
at 0.25-micron wavelengths and are used for inertial
confinement fusion (ICF) energy studies. Nike pro-
vides a single, 3-kJ pulse and is used primarily for ICF
target physics. Electra is used to develop repetitively
pulsed KrF technology. Three ultrashort-pulse, high-
intensity lasers, the Table-Top Terawatt (T3) laser, the
Ti:Sapphire Femtosecond Laser (TFL), and the new
Kilohertz Ti:Sapphire Femtosecond Laser (KTFL)
investigate intense laser-target interactions, laser-
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NRL’s Materials Testing Facility
railgun. This system is designed
to perform experiments on bore

materials under high-power
launch conditions.

driven accelerators, laser-triggered discharges, and
laser propagation in air, plasmas, and water. The High
Energy Laser Laboratory includes four multi-kilowatt,
continuous-wave (CW) fiber lasers and investigates
laser propagation in the atmosphere and incoher-
ent beam combining for directed energy and power
beaming applications. The SWOrRD facility uses
resonant Raman spectroscopy based on illuminating
a target at many wavelengths using a rapidly tunable
laser, thus generating two-dimensional signatures of
explosives and biological/chemical/nuclear threats.
The Division also has a number of pulsed-power,
microwave, and laboratory plasma facilities. The
Railgun Materials Testing Facility railgun focuses on
materials issues for a major Navy effort to develop
a long-range, electromagnetic launcher for a future
electric ship. Two large, high-voltage, pulsed-power
devices, Gamble II and Mercury, are used to produce
intense electron and ion beams, flash X-ray sources,




NRL RESEARCH DIVISIONS

and high-density plasmas. The microwave materials = omrees
processing laboratory includes a 20-kW, CW, 83-GHz

gyrotron. Laboratory plasma experiments include the
Space Physics Simulation Chamber (SPSC), an 11 m’
space chamber capable of reproducing the near-Earth
space plasma environment, and the Large Area Plasma
Processing System (LAPPS), designed to study modi-
fication of polymers, graphene, and other sensitive
materials.
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The scalar potential in a laser wakefield accelerator as
computed by turboWAVE, a set of software modules used for
simulating a wide range of phenomena involving plasmas.

Space Physics Simulation Chamber.
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NRL’s Nike target chamber, the largest krypton fluoride (KrF) laser facility
in the world, where targets are accelerated to the velocities needed for
fusion implosions.

Electron distribution at the tip of
a rod-pinch diode.
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Electronics Science and Technology

Carbide

he Electronics Science and

Technology Division conducts a

multidisciplinary basic and applied
research program in solid-state electron-
ics; electronic materials including growth,
theory, and characterization of semicon-
ductors and heterostructures; surface
and interface science; microwave and
millimeter-wave components and tech-
niques; microelectronic device research
and fabrication; nanoelectronics science
and technologies; vacuum electronics;
power electronics; photovoltaics and opto-
electronics; and process modeling and

simulation.

The Division operates seven major facilities: the
Compound Semiconductor Processing Facility (CSPF),
the Laboratory for Advanced Materials Synthesis
(LAMS), the Ultrafast Laser Facility (ULF), the Epicen-
ter, the Advanced Silicon Carbide Epitaxial Research
Laboratory (ASCERL), the Space Solar Cell Charac-
terization Facility (SSCCF), and the Millimeter-Wave
Vacuum Electronics Synthesis Facility (MW VESEF).

The CSPF processes compound semiconductor
structures on a service basis, especially if advanced fab-
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rication equipment such as electron beam lithography
or reactive ion etching is required. But most fabrication
can be hands-on by NRL scientists to assure personal
process control and history. The LAMS uses metallor-
ganic chemical vapor deposition to synthesize a wide
range of thin films, particularly wide bandgap semi-
conductors such as gallium nitride (GaN) and related
alloys. The Epicenter (a joint activity of the Electronics
Science and Technology, Materials Science and Tech-
nology, Optical Sciences, and Chemistry Divisions) is
dedicated to the growth of multilayer nanostructures
by molecular beam epitaxy (MBE). Current research
involves the growth and etching of conventional III-V
semiconductors, ferromagnetic semiconductor materi-
als, 6.1A TII-V semiconductors, and II-VI semiconduc-
tors. The structures grown in this facility are analyzed
via in situ scanning tunneling microscopy and angle
resolved electron microscopy.

The ASCERL is the focal point of NRL efforts to
develop thin film heterostructure materials needed
for high-voltage, high-power silicon carbide (SiC)
power electronic components in future naval systems.
ASCERL employs an EPIGRESS reactor capable of
growing thick, low-defect, ultra-high-purity SiC epi-
taxial layers. The SSCCEF studies the effects of particle
irradiation on new and emerging solar cell technolo-
gies for space applications. The ULF is optimized for
the characterization of photophysical and photochemi-
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A microfabricated grating circuit made using deep reactive
ion etching (DRIE) at NRL for a vacuum electronic traveling-
wave amplifier driven by a sheet electron beam. The device
is designed to generate up to 50 W at a center frequency of
220 GHz and has potential applications in extremely high
data rate communication systems and high-resolution radar,
with the added benefit of a drastically reduced antenna
footprint.

cal processes on a timescale of tens of femtoseconds. It
includes a synchronously pumped dye laser system for
simulating the effects of charge deposited in semicon-
ductors characteristic of space radiation.

The MWVESEF contains a computer numerically
controlled (CNC) milling machine and a CNC preci-
sion lathe capable of fabricating intricate millimeter-

The MISSE7 experiment (upper center of
photo) on the International Space Station,
photographed by a space-walking STS-129
astronaut. MISSE?7 is the latest in a series of
experiments that expose materials to space
for several months before they are returned
for analysis. The results provide a better
understanding of the durability of advanced
materials and electronics when they are
exposed to vacuum, solar radiation, atomic
oxygen, and extremes of heat and cold.

The project is a collaboration between the
Electronics Science and Technology Division,
Naval Center for Space Technology, and
outside organizations. (Photo Credit: NASA,
1ISS021-E-031746, 23 Nov. 2009).

The NRL eight-beam
(45 kV, 30 A), 600-kW
output power S-band
multiple-beam klystron
(MBK). MBKs produce
coherent, broadband
microwave radiation in
a compact package.
This promising device
technology has the
potential to provide the
low-noise, high aver-
age power transmitter
performance required by shipboard radar systems to keep pace
with evolving ballistic missile and anti-ship cruise missile threats
in high clutter environments.

Acetone molecule
and single-walled
carbon nanotube
over an array of
nanotube transis-
tor structures.

wave vacuum electronic components and a wire elec-
tric discharge machining (EDM) tool for fabrication of
submillimeter-wave components that cannot be fabri-
cated by conventional rotary cutting tools. EDM ofters
a non-contact process for both hard and soft metals as
well as SiC and doped silicon. +
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Genter for Bio/Molecular Science and
Engineering

he Center for Bio/Molecular

Science and Engineering conducts

cross-disciplinary, bio-inspired
research and development to address
problems relevant to the Navy and the
DoD by exploiting biology’s well-known
ability for developing effective materials

and sensing systems. The primary goal is to
translate cutting-edge, bio-based discoveries into useful
materials, sensors, and prototypes that can be scaled
up, are robust, and lead to enhanced capabilities in

the field. The challenges include identifying biological
approaches with the greatest potential to solve Navy
problems and provide new capabilities while focusing
on bio-inspired solutions that have not otherwise been
solved by conventional means.

Studies involve biomaterial development for
chemical/biological warfare defense, structural and
functional applications, and environmental quality/
cleanup. Program areas include optical biosensors,
nanoscale manipulations, genomics and proteomics,
bio/molecular and cellular arrays, surface modification,
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Bio-inspirediinderwater . vehicle

e developediusingfish'fins as a model.

energy harvesting, systems biology, viral particles as
scaffolds, and bioorganic materials from self-assembly.

The staff of the Center is an interdisciplinary team
with expertise in biochemistry, surface chemistry,
biophysics, molecular and cell biology, organic synthe-
sis, materials science, and engineering. The Center also
collaborates throughout NRL and with other govern-
ment laboratories, universities, and industry.

The Center’s modern facilities include laborato-
ries for research in chemistry, biochemistry, systems
biology, and physics. Specialized areas include con-
trolled-access laboratories for cell culture and molecu-
lar biology, an electron microscope facility, a scanning
probe microscope laboratory, instrument rooms with
access to a variety of spectrophotometers, a multichan-
nel surface plasmon resonance (SPR) sensor, and an
optical microscope facility including polarization,
fluorescence, and confocal microscopes. Additional
laboratories accommodate nuclear magnetic resonance
(NMR) spectroscopy, liquid chromatography-mass
spectrometry (LCMS), and fabrication of microfluidic
and micro-optical systems in polymers. The Center
maintains a state-of-the-art X-ray diffraction system
including a MicroSTAR-H X-ray generator. In com-
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bination with new detectors and components, the tional core facilities have recently been established for
system is ideal for data collection on proteins or very Fluorescence Activated Cell Sorting (FACS), micro-
small single crystals of organic compounds and is also array analysis and Circular Dichroism (CD) spectros-
capable of collecting data on films and powders. Addi- copy. +

Liquid crystal structures controlled on the nano-, micro-, and milli-meter scale
using hydrodynamic focusing. Shown are oriented liquid crystal acrylate fibers
following post-fabrication manipulations.
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A Nanotoolbox has been developed to attach
proteins and peptides to nanoparticles. Use of
these methods is leading to new biologically
active “smart” nanomaterials.

Test apparatus used to evaluate the performance of Benthic
Microbial Fuel Cells (BMFCs) deployed worldwide at sites
with different sediment types; shown here deployed in the
Adriatic Sea off the coast of Slovenia.

Simultaneous monitoring of signaling events within cells using quantum dots.
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he Acoustics Division conducts a

broad research and development

program in underwater acous-
tics, atmospheric acoustics, and physical
acoustics requiring laboratory and at-sea

measurements.

Laboratory Facilities: The Division has three inte-
grated structural acoustic facilities — two pools (one
with a sandy bottom) and a large, in-air, semi-anechoic
laboratory. These facilities support research in areas
including mine detection and identification, antisub-
marine warfare, and detection of improvised explosive
devices (IEDs). These facilities have a number of mea-
surement capabilities including compact range scatter-
ing, nearfield holography, and scanning laser Doppler
vibrometry. The major pool facility is cylindrical (17
m dia. x 15 m deep) and filled with approximately 1
million gallons of deionized water. Features include
vibration and temperature control and anechoic inte-
rior walls to reduce reverberation.
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= Ai21-inch-diameter AUV is used for
detection and classification in mine hunting
and antisubmarine warfare applications.

The Salt Water Tank Facility provides a controlled
environment for studying complex ocean processes
under saline conditions, especially the acoustics of
bubbly media. This 6 x 6 x 3 m pool facility has large
plexiglass windows on all four sides to permit imaging
of processes inside the tank. Instrumentation includes
acoustic sources, amplifiers, hydrophones, environ-
mental sensors, a digital holographic imaging system,
high-speed digital cameras, and a LabVIEW-based data
acquisition system.

The Geoacoustic Model Fabrication Laboratory
enables fabrication of rough topographical surfaces
in various materials (usually plastics) for acoustic
scattering and propagation measurements in the tank
facilities. The facility consists of a three-axis computer-
controlled milling machine capable of cutting with
100-pm accuracy over a 1.37 x 1.27 m region.

The SOnoMAgnetic LABoratory (SOMALAB) is
used to study magnetic fields produced by acoustic
motions in electrically conducting media, such as sea-
water. Two nested skins of HY-80 steel plate magneti-



cally shield this facility. Inside is a 3 x 6 x 3 ft plexiglass
experimental water tank on a vibration-insulating
optical table equipped with three sets of mutually
perpendicular Helmholtz coils to control the magnetic
field. The tank is instrumented with a three-axis mag-
netometer, and acoustic signals are generated from an
external transducer.

The Division also operates laboratories to study the
structural dynamics and performance of high-Q oscil-
lators and other micromechanical and nanomechanical
systems. A super-resolution nearfield scanning optical
microscope permits spatial mapping of the complex
vibratory motion at resolutions of 100 nm. These labo-
ratories can also measure the mechanical and electrical
properties of micro-oscillators, and thin films applied
to them.

At-Sea Research: The Division operates several
systems to generate and receive sound in at-sea experi-
ments. Sound sources include two XF-4 units, one
ITC 2077 source with tow body, two battery-operated
organ-pipes that can project single tones from off-
board moorings, and a towable, vertically directional
source array consisting of 10 individually controllable
elements at frequencies of 1.5 to 9.5 kHz. In addition,
the Division has several battery-operated, rubidium-
clock controlled, programmable sound source
moorings that can transmit sounds with arbitrary
waveforms. The division has a 64-channel broadband
source-receiver array with time reversal mirror func-
tionality operating over 500-3500 Hz. The division
operates high-frequency (up to 600 kHz) measure-
ment systems to obtain scattering, target strength, and
propagation data using bottom-moored instrumenta-
tion towers and a remotely operated vehicle.

The Division performs research to relate acous-
tic array gain variability to fluid dynamic variability
and bottom heterogeneity in the littorals. Measure-
ments are made with an autonomous acoustic data
acquisition suite. Three independent, autonomous,
32-channel vertical arrays receive and store 24-bit
data at 4 kHz for 22 days. Two autonomous sources
operate at center frequencies of 300 and 500 Hz and
generate programmable waveforms at 50% duty cycle
for 22 days. The division also has seven Environmental
Acoustic Recording Systems (EARS) buoys. The buoys
are autonomous, self-recording, bottom-mounted
acoustic acquisition systems. Each buoy can record
four channels simultaneously at 25 kHz bandwidth per
channel and has a storage capacity of 480 Gbyte. Each
buoy has four hydrophones on a 22 m array.

Narrowbeam 200 and 350 kHz acoustic backscat-
tering (flow visualization) systems are used to study
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fine structure, internal wave, and larger-scale fluid
dynamic perturbation of the density and sound speed
field in the ocean. A 25 kW radar system is used in
conjunction with the flow visualization system to
record the surface expression of internal waves.

The Structural Acoustics In-Air Facility is instrumented
with acoustic and vibration measurement systems for
conducting ultra-high-precision, highly spatially sam-
pled measurements on scaled submarine structures,
satellite payload fairings, active and passive material
systems for sound control, and new transducer and
sensor systems.

The Division conducts research addressing the
channel capacity of multi-node underwater acoustic
communications networks. Two 8-channel acoustic
communications data acquisition systems or modems,
which can be moored or towed and remotely con-
trolled, provide measurements in the 2-5 kHz, 6-14
kHz, and 10-14 kHz frequency bands.

NRL is developing and deploying AUV -based and
rail-based systems for acquiring signature data at sea.
The rail-based system has a 100 m horizontal robotic
scanner used to collect synthetic aperture (SA) scatter-
ing data from proud and buried targets. The receiver
system is used in conjunction with impulsive broad-
band projectors mounted on the scanner. The AUV-
based system uses acoustic SA techniques to recover
high-fidelity, quantitative broadband data over a large
range of target aspect angles.
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The NRL HREP (HICO/RAIDS
Experiment Payload) being '«
deployed for operations on the
Japanese Experiment Module of
the International Space Station.,
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he Remote Sensing Division is

the Navy’s center of excellence

for remote sensing research and
development, conducting a broad program
of basic and applied research across the
full electromagnetic spectrum using active
and passive technigues from ground-, air-,

and space-based platforms. Current applica-
tions include earth, ocean, atmospheric, astronomy,
astrometry, and astrophysical science, and surveillance/
reconnaissance activities including maritime domain
awareness, antisubmarine warfare, and mine warfare.
Special emphasis is given to developing space-based
platforms and exploiting existing space systems.

Research in ocean and earth science includes mari-
time hyperspectral imaging, radar measurements of
the ocean surface for the remote sensing of waves and
currents, model- and laboratory-based hydrodynamics,
and land-based trafficability studies.
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Current airborne sensors used for characterization
of the littoral environment include visible/near-IR and
shortwave hyperspectral imagers, a broadband, visible
polarimetric sensor, long- and midwave IR thermal
cameras, and an X-band, 2-channel interferometric
synthetic aperture radar. As an outgrowth of our
airborne sensing program, the Division developed the
Hyperspectral Imager for the Coastal Ocean (HICO),
the world’s first spaceborne hyperspectral sensor spe-
cifically designed for coastal maritime environmental
observations. HICO was launched to the International
Space Station in September 2009 and is currently pro-
viding scientific imagery of varied coastal types world-
wide. Ground-based instruments for maritime sensing
include the NRL Focused Phased Array Imaging Radar
(NRL FOPAIR), an X-band, high-frame-rate polari-
metric radar system.

For radiometric and spectral calibration of the
visible and IR imaging sensors, the Division operates
a Calibration Facility that includes a NIST-traceable
integrating sphere and a set of gas emission standards
for wavelength calibration.



The Division’s Free Surface Hydrodynamics Labo-
ratory (FSHL) supports ocean remote sensing research.
The lab consists of a 10 m wave tank equipped with a
computer-controlled wave generator and a compre-
hensive set of diagnostic tools. Recent work focuses on
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Snapshots of breakers generated in the Free Surface Hy-
drodynamics Laboratory. At lower right, a wave traveling to-
ward the viewer is seen breaking across the width (approx.
3 m) of the tank. In the upper images, waves traveling from
left to right are breaking and forming surface turbulence.

the physics of breaking waves, their infrared signature,
and their role in producing aerosols. Experiments con-
ducted in the FSHL are also used to test and validate
numerical results and analytical theories dealing with
the physics of the ocean’s free surface.

Current atmospheric science research areas

include the remote sensing of aerosols, measurement of
ocean surface winds, and middle atmospheric research.

The Division has developed a unique eye-safe volume-
imaging lidar system to remotely characterize aerosol
backscatter. NRL also developed the first spaceborne
polarimetric microwave radiometer, WindSat,
launched in January 2003 and still operational. Its
primary mission was to demonstrate the capability to
remotely sense the ocean surface wind vector with a
passive system. WindSat provides major risk reduc-
tion for development of the microwave imager for
the next-generation DoD operational environmental
satellite program. WindSat data are processed at the
Navy Fleet Numerical Meteorology and Oceanography
Center (FNMOC), and operationally assimilated into
the Navy global weather model, NOGAPS. In addition,
the Remote Sensing Division is exploiting WindSat’s
unique data set for other environmental parameters
such as sea surface temperature, soil moisture, and sea
ice concentration.

The Water Vapor Millimeter-wave Spectrometer
(WVMS) is a ground-based instrument designed to
measure water vapor in the middle atmosphere. It
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is part of the international ground-based Network
for Detection of Atmospheric Composition Change
(NDACC), with sensors based in Lauder, New Zealand,
Mauna Loa, Hawaii, and Table Mountain, California.
The Division has research programs in astronomy
and astrophysics ranging in wavelength from the
optical to longwave radio, with an emphasis on
interferometric imaging. Facilities include the Navy
Prototype Optical Interferometer (NPOI), located
near Flagstaft, Arizona, a joint project between the
U.S. Naval Observatory and the NRL Remote Sensing
Division. The NPOI is used for optical astrometry, to
investigate unfilled aperture imaging technologies, and
to conduct astrophysical research. When completed,

The NRL WindSat polarimetric radiometer
prior to spacecraft integration.

it will be the highest-resolution ground-based optical
telescope in the world. The Division is also at the fore-
front of research in low-frequency (<100 MHz) radio
astronomy and associated instrumentation and inter-
ferometric imaging techniques. The Division developed
and installed VHF receivers on the National Radio
Astronomy Observatory’s Very Large Array (VLA),
and developed the imaging techniques to correct for
ionospheric phase disturbances which had heretofore
severely limited observational baselines and, thus,

the utility of low-frequency astronomical imaging.

The Division is also collaborating with the University
of New Mexico and New Mexico Tech on the Long
Wavelength Array, a prototype, next-generation, low-
frequency imaging array with 200-300 km baselines. +

the naval research laboratory | 2011 NRL REVIEW

61



Profiling the SEPTR instrument in the
Oceanography Division test pool.
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he Oceanography Division is the
major center for in-house Navy

research and development in
oceanography. It is known nationally and inter-
nationally for its unique combination of theoreti-
cal, numerical, experimental, and remotely sensed
approaches to oceanographic problems. The Division’s
modeling focus is on a truly integrated global-to-
coastal modeling strategy, from deep water up to the
coast including straits, harbors, bays, inlets, and rivers.
This requires emphasis on both ocean circulation and
wave/surf prediction, with additional emphasis on
coupling the ocean models to atmospheric, biological,
optical, and sediment models. This includes process-
ing and analysis of satellite and in-water observa-
tions, development of numerical model systems, and
assimilation for predicting the ocean environment.
This modeling is conducted on the Navy’s and DoD’s
most powerful vector and parallel processing machines.
The Division’s in-house Ocean Dynamics and Predic-
tion Computational Network Facility provides com-
puter services to scientists for program development,
graphics, data processing, storage, and backup. To
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study the results of this intense modeling effort, the
Division operates a number of highly sophisticated
graphic systems to visualize ocean and coastal dynamic
processes. Problems addressed cover a wide scope

of physics including parameterization of oceanic pro-
cesses, construction and analysis of ocean models and
forecast systems, basic and applied research of ocean
dynamics, surface waves, thermohaline circulation,
nearshore circulation, estuarine and riverine modeling,
Arctic ice modeling, internal waves, and ocean/atmo-
sphere coupling. Additional emphasis is on optimiza-
tion of underwater, airborne, and satellite observing
systems, representation of ocean processes affecting
temperature, salinity, and mixed-layer depth, uncer-
tainty analysis in coupled systems, ensemble and proba-
bilistic ocean forecasting, targeting ocean observations,
representing probability in ocean/acoustic systems, and
satellite-observed surface heat fluxes. The end goal is to
build cutting-edge technology systems that transition
to operational forecast centers.

The Division’s Ocean Sciences Branch conducts
basic and applied research in ocean physics, air-sea
interaction, ocean optics, and marine microbially
influenced corrosion. Emphasis of this research is



on understanding the oceans’ physical processes and
their interactions with the atmosphere and biological/
chemical systems at scales ranging from basin-scale to
microscale. Numerical and analytical models are devel-
oped and tested in laboratory and field experiments.
The results of this research support the Navy’s opera-
tional capability for predictions of oceanic atmospheric
exchanges, acoustic propagation/detection, light
transmission/emission, and influences of microbes on
marine corrosion. The seagoing experimental programs
of the Division range worldwide. Unique measurement
systems include a wave measurement system to acquire
in situ spatial properties of water waves; a salinity
mapper that acquires images of spatial and temporal
sea surface salinity variabilities in littoral regions; an
integrated absorption cavity and optical profiler system,
and towed optical hyperspectral array for studying
ocean optical characteristics; self-contained, bottom-
mounted, upward-looking acoustic Doppler current
profilers (ADCPs) for measuring ocean variability; and
an in situ volume scattering function measurement
system to support remote sensing and in-water optical
programs. NRL worked jointly with the NATO Under-
sea Research Center (NURC) for development and
deployment of the SEPTR instrument, a trawl-resistant,
bottom-mounted ADCP system that includes a pop-up
profiling float for real-time observation and reporting.
A new capability is the addition of an optical sensor on
the profiling float.

The Oceanography Division has acquired new
capabilities for sensing the littoral environment. These
include a Vertical Microstructure Profiler (VMP), a
Scanfish, four Slocum Gliders, and an instrument test
pool. The turbulent dissipation rate can be quickly
obtained with very high accuracy from measurements
collected by the VMP. The Scanfish allows efficient and
rapid three-dimensional mapping of mesoscale oceanic
features. The Gliders rely on a low-powered battery-
induced change of buoyancy to glide autonomously
through the coastal ocean collecting both physical
and optical data that are uplinked to satellite and then
relayed to the laboratory or ship in near real time. In
the laboratory, the Division operates an environmental
scanning electron microscope and a newly acquired
dual beam environmental scanning electron focused
ion beam microscope for detailed studies of biocorro-
sion in naval materials.

The Division’s remote sensing research focuses on
radiative transfer theory, optical ocean instrumenta-
tion, lasers and underwater imaging and vision, satel-
lite and aircraft remote sensing, remote sensing of
bio-optical signatures, and coupled physical bio-optical
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modeling. The research includes applying aircraft and
satellite ocean color and thermal infrared signatures

for understanding the bio-geo-chemical cycles in the
surface ocean. Additional emphasis is on algorithm and
model development using satellite (SeaWifs, MODIS,
MERIS, NPOESS, OCM, HICO, GEOCAPE, ACE) and
aircraft (CASI, AVIRIS, PHILLS) sensors to address

the spatial and temporal variability of coastal optical
properties. The Division has the capability to download
MODIS data directly using an X-band receiving system
and is a national leader in the development and analysis
of MODIS ocean color data for oceanographic pro-
cesses and naval applications in littoral areas. The Divi-
sion conducts optical field experiments using advanced
in situ and remote sensing instrumentation (ship-towed
sensors, sea gliders, and bio-optical/physical moor-
ings) to understand remotely sensed signatures for
calibration, validation, and refinement of algorithms.
The Division also conducts research addressing how
remote sensing optical and biological signatures can be
fused with in-water bio-optical profiles and assimilated
into ocean process models, and includes developing
methods and techniques to understand and forecast the
ocean optical environment through the combined use
of remote sensing products and models. +

The X&L Band Antenna adjacent to the Oceanography
Division building.
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Sand ripples are studied in a small oscillatory

flow tunnel where fluid and sediment are
imaged with high-speed video cameras.
The inset images illustrate the formation of
sedimentary strata reiult'ng from sorting

processes between smalle
(natural) sands. T

he Marine Geosciences Division

is the major Navy in-house center

for research and development in
marine geology, geophysics, geodesy,
geoacoustics, geotechnology, and geo-

spatial information and systems.
Instrumentation used in the field is deployable
from aircraft, ships, submarines, remotely operated
and unmanned vehicles, undersea platforms, and by
divers. Instrumentation includes an integrated air-
borne geophysical sensor suite with gravity, magnetic,
and sea/ice/land topographic profiling sensors, all
based on centimeter-level KGPS aircraft positioning.
Seafloor and subseafloor research uses the Deep-Towed
Acoustics/Geophysics System (220 to 1000 Hz); a
chirp sub-bottom profiler; high-resolution sidescan
sonars (100 and 500 kHz); the Acoustic Seafloor Char-
acterization System (15, 30, and 50 kHz); the In Situ
Sediment Acoustic Measurement System, measuring
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compressional and shear wave velocities and attenua-
tion; a heat flow probe system; and underwater stereo
photography and nearshore video imaging systems.
Five instrumented, 8-ft-long, 2220-1b, mine-like cylin-
ders are used to gather impact burial data (one system)
and scour and sand wave burial data (four systems)
for testing and validation of mine burial prediction
models.

Laboratory facilities allow measurement of sedi-
ment physical, geochemical, and geotechnical proper-
ties. Equipment includes a photon correlation spec-
trometer and a laser Doppler velocimeter to measure
size and electrostatic properties of submicrometer-size
sediment particles. The Transmission Electron Micros-
copy Facility includes a 300 kVa transmission electron
microscope with environmental cell enabling real-time
observations of hydrated and gaseous experiments
for research in microscale biological, chemical, and
geological processes. A high-resolution industrial
computed-tomography scanner provides capability for
investigating volumetric heterogeneity of sediments.
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The Geospatial Services Laboratory provides for orative environment for organizing/searching disparate
advanced geospatial service development and hosting DoD content, (2) full access and control over the system
of content on its 36 racks of computer hardware, 250 and content using Web Services, and (3) automatic syn-
servers, and 1 petabyte of storage in a new 1400 ft? chronization of content among multiple GHub systems
facility. The Geospatial Hub (GHub) is a geospatial from initial production to field usage. +

content management system that allows: (1) a collab-

In the Marine Geosciences Division, scientists model sediment transport phenomena that span many orders of magnitude, from
the discrete particle scale (far left) where individual grains are simulated, up to the continuum scale (far right) where the flow in
rivers is resolved. The goal is to develop reliable forecasting models for operational length and time scales. Consequently, we
must simulate the relevant physics of the problem at each scale and identify links between adjacent scales (arrows). Pictures
from left to right: a fully resolved simulation of the entrainment of an individual particle into a turbulent boundary layer; simulation
of sheet flow transport using a discrete particle model; simulation of sand ripple evolution using mixture theory (SedMix3D); and
simulation of flow in a reach of the Kootenai River, Idaho.

Rampant Lion | and Il were multisensor aerogeophysical surveys of Afghanistan conducted in 2006 and 2008 by NRL and the
U.S. Geological Survey to advance geospatial techniques, support military planners, and aid in economic infrastructure develop-
ment. During Rampant Lion |, 40 mission flights produced more than 125,000 line-km of airborne survey tracks (left) and 330,000
km? of imagery. The magnetic anomaly map (right) provides data for oil, gas, and mineral exploration.
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Marine Meteorology

he Marine Meteorology Division,

located in Monterey, California,

conducts basic and applied
research in atmospheric sciences and
develops meteorological analysis and
prediction systems and other products to
support Navy and other customers at the
theater, operational, and tactical levels.
The Division is collocated with the Fleet Numerical
Meteorology and Oceanography Center (FNMOC),
the Navy’s operational production center for numerical
weather prediction (NWP) and satellite imagery inter-
pretation.

The Division’s Environmental Prediction System
Development Laboratory is built around several
LINUX clusters (currently up to 176 processors and a
planned upgrade to over 5000 processors) supported
by an approximately 800 TB RAID storage system and
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3D depiction of Hurricane Katrina 2005 by NRL’s high-resolution operational mesoscale model,
COAMPS®-TC (Coupled Ocean/Atmosphere Prediction System-Tropical Cyclone)

a tape library capable of expansion to about 10 PB.
The Division also maintains over 100 LINUX servers,
including a unique Global Ocean Data Assimilation
Experiment (GODAE) server hosting data sets suitable
for research and development of ocean and atmo-
spheric data assimilation capabilities. These systems,
in combination with DoD Supercomputing Resource
Centers (DSRC) and FNMOC assets, enable the Divi-
sion to efficiently develop, improve, and transition
numerical weather analysis and prediction systems and
coupled air/ocean systems to operational use, produc-
ing guidance which is used by Fleet forces around the
globe. These systems also support basic research in
atmospheric processes such as air-sea-ice interaction,
atmospheric dynamics, and cloud/aerosol physics, as
well as development of environmental applications,
decision aids, and probabilistic prediction products.
The Division’s state-of-the-art Satellite Data Pro-
cessing Laboratory allows direct downlink of real-time
NOAA geostationary (GEO) data and data relays from
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five other geostationary satellites. Data from numerous
low Earth orbiting (LEO) platforms is also received in
near real time via extensive interagency agreements. In
total, NRL-Monterey processes satellite data from 26
LEO sensors and seven GEO platforms and uses that
data to conduct research and development of multisen-
sor data fusion products to support a variety of DoD
operations. These activities range from monitoring and
analyzing tropical cyclone characteristics to providing
special meteorological products in support of combat
operations in Southwest Asia.

The Mobile Atmospheric Aerosol and Radiation
Characterization Observatories (MAARCO) are a pair

NRL’s Marine Meteorology Division processes satellite data
from 26 low-Earth-orbit sensors and seven geostation-

ary platforms and uses that data to conduct research and
development of multisensor data fusion products to support
a variety of DoD operations.

of mobile laboratories housed in climate-controlled
shipping containers with integrated suites of meteo-
rological, aerosol, gas, and radiation instruments that
can be deployed to operate in strategic areas around the
globe, including remote regions, overseas locales, and
aboard ships at sea. The modular instruments can also
be removed and mounted on aircraft for added flexibil-
ity in field data collection, and are used to investigate
boundary layer meteorology, aerosol microphysics, and
electro-optical propagation. +

MAARCO is designed as a stand-alone facility for basic atmo-
spheric research and the collection of data to assist in validating
aerosol and weather models. Its purpose is to enable research
on atmospheric aerosols, gases, and radiation (visible and IR
light) in areas of key interest, including remote areas, overseas
locales, and aboard ships. This complete mobile laboratory facili-
tates deployment in areas with limited facilities, and provides
maximum flexibility for integration of additional instrumentation.
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The sea surface temperature (shaded, in °C) and surface cur-
rents (vectors, ms™) at 90 hour of the coupled COAMPS®-TC
forecast starting at 1200 UTC 15 Sept. 2010, overlaid with the
model track (red dots) and the BEST track (black dots).
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STS-129 Commander Charles Hobaugh views
the gold-blanketed RAIDS experiment through
the Japanese Experiment Module windg

the International Space Station in Noveigg
2009. (Photo credit: NASA)

he Space Science Division con-

ducts a broad-spectrum RDT&E

program in solar-terrestrial physics,
astrophysics, upper/middle atmospheric

science, and astronomy. Division research-
ers conceive, plan, and execute scientific research
and development programs and transition the results
to operational use. They develop instruments to be
flown on satellites, sounding rockets and balloons;
and ground-based facilities and mathematical models.
Division major research thrusts include remote sensing
of the upper and middle atmospheres, studies of solar
activity and effects on the Earth’s ionosphere, and
studies of high-energy natural radiation and particles,
for applications ranging from astrophysics through
force protection.

The Division’s Vacuum Ultraviolet Solar Instru-
ment Test (SIT) facility is an ultra-clean solar instru-
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ment test facility designed to satisfy the rigorous
contamination requirements of state-of-the-art solar
spaceflight instruments. The facility has a 400 ft* Class
10 clean room and a large Solar Coronagraph Optical
Test Chamber (SCOTCH). The SIT clean room is
ideally suited for assembly and test of contamination-
sensitive spaceflight instrumentation. It contains a
large vibration-isolated optical bench and a 1-ton
capacity overhead crane. The SCOTCH consists of a
large vacuum tank and a precision instrument-pointing
table. The division also maintains extensive facilities
for supporting ultraviolet (UV) spectroscopy sounding
rocket programs. These facilities include a dedicated
Class 1000 instrument clean room, and a gray room
area for assembling and testing the rocket payloads
that incorporates all of the fixtures required for safe
handling of payloads. The Division rocket facilities
also include a large UV optical test chamber that is
additionally equipped with a large vibration- and



thermal-isolated optical bench for telescope testing,
which allows the laboratory area to be turned into a
Schlieren facility. The Division also has a unique facil-
ity for developing Doppler Asymmetric Spatial Het-
erodyne (DASH) thermospheric wind sensors, which
are currently being evaluated and tested in support of
potential future space flight missions.

The division has a wide range of new satellite,
rocket, balloon, and ground-based instruments under
development. These include the SoloHI heliospheric
imager that will image both the quasi-steady flow and
transient disturbances in the solar wind when aloft
on-board the Solar Orbiter mission; the Compact
CORonagraph (CCOR), an elegant, externally occulted
instrument that uses a single-stage optical design with
two lens groups, a polarization analyzer, and a spectral
filter to achieve performance comparable to the tra-
ditional three-stage Lyot coronagraph but with sig-
nificantly lower mass and volume than the traditional
design; and the NRL-led Large Area Scintillation Array
(LASA), intended to demonstrate standoff detection
of radiation/nuclear weapons of mass destruction
(WMD) in maritime environments in support of the
Office of Naval Research’s Maritime WMD Detection
program. Division scientists are also designing innova-
tive high-resolution spectrometers for a possible flight
on the Japanese Solar-C mission that will provide
unprecedented views of the solar atmosphere.

Two Division experiments are measuring the
Earth’s thermosphere and ionosphere to improve Space
Weather forecasting for these near-space atmospheric
regions which significantly influence the performance
of important operational systems such as GPS navi-
gation, communication, and space debris tracking.
The Remote Atmospheric and Ionospheric Detection
System (RAIDS) is a new NRL experiment studying
the Earth’s upper atmosphere from a vantage point on
the International Space Station (ISS). The RAIDS suite
of eight optical sensors passively measures naturally
occurring airglow from extreme ultraviolet to near
infrared to derive atmospheric composition, density,
and temperature. Demonstrating new remote sensing
techniques, RAIDS is serving as a pathfinder experi-
ment for atmospheric remote sensing from the ISS
platform, and has provided the first globally sampled
temperature measurements in the 120 to 165 km
altitude range. The Special Sensor Ultraviolet Limb
Imager (SSULI) developed by NRL’s Space Science
Division and Spacecraft Engineering Department offers
a first-of-its-kind technique for remote sensing of the
ionosphere and thermosphere from space. Flying on
the U.S. Air Force Defense Meteorological Satellite
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Program (DMSP) F18 (flight 18) satellite, SSULI’s
characterization of the Earth’s upper atmosphere and
ionosphere provides the necessary scientific data to
support military and civil systems. Offering global
observations that yield near-real-time altitude profiles
of the ionosphere and neutral atmosphere over an
extended period of time, SSULI makes measurements
from the extreme ultraviolet (EUV) to the far ultravio-
let (FUV).

Division scientists, using the Division network
of computers and workstations and other connected
high performance computing assets, develop and
maintain physical models in support of their research.
These include NOGAPS-ALPHA, the Advanced Level
Physics High Altitude middle atmosphere extension
of the Navy Operational Global Atmospheric Predic-
tion System; HiFi, a user-friendly, highly parallel, fully
implicit adaptive spectral element code framework
designed for model development, magnetohydrody-
namics, and multi-fluid numerical modeling in two-
and three-dimensional geometries; and GAIM (Global
Assimilation of Ionospheric Measurements), a physics-
based assimilative model of the ionosphere now opera-
tional at the Air Force Weather Agency. +

The Hyperspectral Imager for Coastal Ocean (HICO) and
Remote Atmospheric and lonospheric Detection System
(RAIDS) Experiment Payload (HREP) installed on the Japa-
nese Experiment Module Exposed Facility on the ISS. In
this view from the Japanese Experiment Module window, the
gold-blanketed RAIDS scan head is tipped down to make
extreme ultraviolet measurements of the Earth’s daytime
ionosphere below the ISS. (Photo credit: NASA)
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he Space Systems Development

Department (SSDD) is respon-

sible for the end-to-end definition,
design, development, integration, test, and
operation of space systems that satisfy

naval and national defense requirements.

The total system engineering philosophy employed
by the SSDD enables seamless sensor-to-shooter
capabilities to be deployed that optimize the interfaces
between command and control, on-orbit satellite col-
lection, and onboard and ground processing functions;
the dissemination of data to tactical and national users;
and the design of tools that provide for the automated
correlation and fusion of collected information with
other sources.

Research and development is conducted in the
areas of space system architectures; advanced mission
data processing and data analysis techniques; advanced
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information systems concepts, including enterprise and
cloud computing and networking of space, air, ground,
and subsurface sensors; and mission simulation tech-
niques. Intelligence collection, advanced RE optical,
and laser communication, satellite laser ranging, digital
signal processing, data management, and space naviga-
tion systems are constantly improved upon to satisfy
evolving requirements. These systems are engineered
for maximum reuse and interoperability.

Having conceived of and developed the payload for
the first Global Positioning System (GPS) satellite, the
SSDD continues to be the world’s center of excellence
in the research and development of advanced GPS
technology. Advanced theoretical and experimental
investigations are applied to expanding the design
and interoperability of systems used for a wide range
of military, space, geodetic, and time dissemination
applications. These investigations involve critical
precise time generation and measurement technology



for passive and active ranging techniques incorporating
advanced data transmission and signal design. Precise
time and time interval research conducted involves
theoretical and experimental development of atomic
time/frequency standards, instrumentation, and time-
keeping to support highly precise and accurate time-
scale systems in scientific and military use. Net-centric
systems are critically dependent on highly accurate
and stable time/frequency standards coordinated to a
common timescale through the diverse dissemination
comparison techniques developed within the SSDD.
The PCEF (Precision Clock Evaluation Facility) is
one of the major facilities within NRLs Naval Center
for Space Technology. The PCEF was developed to
support development of high precision clocks for GPS
spacecraft and ground applications, primarily atomic
standards. Space atomic clocks are evaluated, qualified,
and acceptance tested for space flight using the assets
of this facility. Testing performed includes long- and
short-term performance evaluation, and environmental
testing (including shock and vibration). Investigations
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system development and deployment. The ability to
evaluate and test highly precise atomic clocks, espe-
cially in a space environment, requires unique facilities,
precise time and frequency references, and precise
instrumentation not available anywhere else. The
primary time and frequency reference for the PCEF is
a specially designed environmental chamber housing a
number of hydrogen masers combined with measure-
ment equipment permitting a realization of Universal
Coordinated Time (UTC) to be maintained as UTC
(NRL) in cooperation with the International Bureau
of Weights and Measures (BIPM) for reference and
research purposes.

In addition to a wide array of test tools and
facilities, the Department operates several field sites
including the Midway Research Center satellite calibra-
tion facility in Stafford, Virginia; the Blossom Point
Satellite Tracking and Command Facility in Welcome,
Maryland; and the Chesapeake Bay Detachment Radar
Range in Chesapeake Beach, Maryland. +

HHdn

The Naval Center for Space Technology’s Precision Clock Evaluation Facility (PCEF).

of on-orbit anomalies are performed within the PCEF
to attempt to duplicate similar effects in space-qualified
hardware under controlled conditions. The facility

was originally developed to evaluate developments in
the Global Positioning System concept development
program (Block I) and expanded for the dedicated
space clock development conducted during operational
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Spacecraft Engineering Department

he Spacecraft Engineering

Department (SED) and the Space

Systems Development Department,
together comprising NRL’s Naval Center
for Space Technology (NCST), coopera-
tively develop space systems to respond
to Navy, DoD, and national mission
requirements with improved performance,
capacity, reliability, efficiency, and life cycle
cost.

The SED facilities that support this work include

integration and test highbays, large and small anechoic
radio frequency chambers, varying levels of clean

rooms, shock and vibration tables, an acoustic rever-
beration chamber, large and small thermal/vacuum test
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chambers, a thermal systems integration and test labora-
tory, a spin test facility, a static loads test facility, and

a spacecraft robotics engineering and control system
interaction laboratory.

Integration and Test Facilities

The Radio Frequency Anechoic Chamber sup-
ports electromagnetic compatibility/radio frequency
interference (EMC/RF]I) testing of flight hardware.
It is also used to support custom RF testing up to 40
GHz. The facility consists of a 23 x 23 ft semi-anechoic
main chamber with a 23 x 20 ft antechamber. It is a
completely welded steel structure which provides a
minimum of 120 dB of shielding effectiveness at 18 GHz
and 100 dB up to 50 GHz. The main chamber uses a
hybrid anechoic material consisting of wideband pyra-
midal absorbers and ferrite tiles for performance from




20 MHz to 50 GHz. A 10 ft high x 11 ft wide sliding
bladder type door allows easy access of large test items
to the main chamber.

The Laminar Flow Clean Room provides a Class
100 ultraclean environment for the cleaning, assembly,
and acceptance testing of contamination-sensitive
spacecraft components, and integration of complete
spacecraft subsystems. The facility is used primarily
to support spacecraft propulsion systems but has been
used to support all spacecraft electrical, electronic, and
mechanical subsystems.

The Vibration Test Facility, which simulates the
various vibration loading environments present during
flight operations and demonstrates compliance to
design specifications, consists of the following shakers:
Unholtz-Dickie T5000 50K Flb random 2-in. DA
stroke, Ling 4022 30K Flb random 2-in. DA stroke,
Ling 2022 16K Flb random 2-in. DA stroke, and a Ling
335 16K Flb random 1-in. DA stroke.

The Acoustic Reverberation Simulation Facility is
a 10,000 ft* reverberation chamber that simulates the
acoustic environment that spacecraft will experience
during launch. The maximum capable sound pressure
level is approximately 152 dB.

The Thermal Fabrication and Test Facility supports
the design, fabrication, installation, and verification
of spacecraft thermal control systems. It also provides
for the analytical thermal design and analysis of any
spacecraft. This includes conceptual design, analytical
thermal model development, definition of require-
ments, worst-case environments and design conditions,
and temperature predictions for all cases. The facility

NRL RESEARCH DIVISIONS

provides the means to go from design and analysis to
hardware qualification and acceptance testing and then
to orbit.

The Spin Test Facility contains two spin balanc-
ing machines (one horizontal and one vertical) to
handle various types of balancing requirements. Both
machines are provided with a plane separation network
to obtain correction readings directly in the plane of
correction. Moment of inertia (MOI) tables of various
capacities are used to verify MOI and center of gravity
for units under test.

The Static Loads Test Facility provides the capabil-
ity to perform modal survey testing on a wide variety of
spacecraft and structures. It consists of two 6-ft x 12-ft
x 6-in.-thick, ~15,500-1b steel plates (attachable) with
floating base, six 75-FIb stinger shakers (1/2-in. DA
stroke), two 250-FIb stinger shakers (4-in. DA stroke),
and a ~300-channel data acquisition system (expand-
able).

Spacecraft Robotics Engineering and Controls
Laboratory

This facility, which is the largest dual-platform
motion simulator of its kind, is operated by NCST in
collaboration with NRLs Naval Center for Applied
Research in Artificial Intelligence. It supports research
in the emerging field of space robotics including
autonomous rendezvous and capture, remote assembly
operations, and machine learning. It allows full-scale,
hardware-in-the-loop testing of flight mechanisms,
sensors, and logic of space robotic systems.

The TacSat-4 COMMx reflector being
tested in the anechoic chamber.

The Spacecraft Robotics Engineering and Controls Laboratory.
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RESEARCH SUPPORT FACILITIES

Technology Transfer Office

The NRL Technology Transfer Office (TTO) is
responsible for NRL’s implementation of the Federal
Technology Trans-
fer Act. It facilitates
the transfer of
NRL’s innovative
technologies for
public benefit by
marketing NRL
technologies and by
negotiating patent
license agreements
and Cooperative Research and Development Agree-
ments (CRADASs).

TTO markets NRL technologies through its Web
site, by the preparation of Fact Sheets to be distributed
at trade shows and scientific conferences, and through
DoD-contracted Partnership Intermediaries such as
TechLink.

A license grants a company the right to make, use,
and sell NRL technologies commercially in exchange
for equitable licensing fees and royalties. Revenue is
distributed among the inventors and NRL’s general
fund. Prior to granting a license, TTO reviews the
commercialization plan submitted by the licensee in
support of its application for license. The plan must
provide information on the licensee’s capabilities,
proposed development expenditures, milestones, a
time line to commercialization, and an assessment of
the intended market.

A license may be exclusive, partially exclusive
(exclusive for a particular field of use or geographic
area), or non-exclusive. Once a license is executed,
TTO monitors the licensee for timely payments and for
its diligence in commercializing the licensed invention.

TTO also negotiates Government Purpose Licenses
to transition NRL technologies for manufacture and
sale solely for Navy and other U.S. Government pur-
poses.

CRADA s provide a vehicle for NRL scientists and
engineers to collaborate with their counterparts in
industry, academia, and state and local governments.
Under a CRADA, a company may provide funding for
collaborative work between it and NRL and is granted
an exclusive option to license technologies developed
under that CRADA’s Statement of Work (SOW). TTO
works with the NRL scientist to develop a SOW that
has sufficient detail to define the scope of the CRADA
partner’s rights.
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Technical Information Services

The Technical Information Services (TIS) Branch
combines publication, printing and duplication, graph-
ics, photographic, multimedia, exhibit, and video
services into an integrated organization. Publication
services include writing, editing, composition, publica-
tions consultation and production, and printing man-
agement. Quick turnaround digital black-and-white
and color copying/printing/CD duplicating services
are provided. TIS uses digital publishing technology
to produce scientific and technical reports that can be
used for either print or Web. Graphics support includes
technical and scientific illustrations, computer graph-
ics, design services, photographic composites, display
posters, and framing. The HP large format printers
offer exceptional color print quality up to 1200 dpi and
produce indoor posters and signs with 56 inches being
the limitation on one side. Lamination and mounting
are available.
Photographic
services include
digital still
camera coverage
for data docu-
mentation, both
at NRL and in
the field. Photo-
graphic images
are captured
with state-of-
the-art digital
cameras and
can be output
to a variety of
archival media.
Photofinishing
services provide
custom printing
and quick service
color prints
from digital files.
Video services include producing video reports and
technical videos, and capturing presentations of scien-
tific and technical programs. TIS digital video editing
equipment allows in-studio and on-location editing.
The TIS Exhibits Program works with NRLs scientists
and engineers to develop exhibits that best represent a
broad spectrum of NRLs technologies, and promotes
these technologies to scientific and nonscientific com-
munities at conferences throughout the United States.

Visual information specialist printing an exhibit on
one of the large-format printers.



Administrative Services

The Administrative Services Branch is responsible
for collecting and preserving the documents that com-
prise NRLs corporate memory. Archival documents
include personal papers and correspondence, labora-
tory notebooks, and work project files — documents
that are appraised for their historical or informational
value and considered to be permanently valuable. The

Branch provides records management services, train-
ing, and support for the maintenance of active records,
including electronic records, as an important informa-
tion resource. The Branch is responsible for processing
NRIs incoming and outgoing correspondence and
provides training and support on correct correspon-
dence formats and practices. The Branch is responsible
for NRLs Forms and Reports Management Programs
(including designing electronic forms and maintain-
ing a Web site for Lab-wide use of electronic forms),
compiles and publishes the NRL Code Directory and
Organizational Index, and is responsible for providing
NRL postal mail services for first class and accountable
mail and for mail pickup and delivery throughout NRL.
The Branch also provides NRL Locator Service.

Ruth H. Hooker Research Library

NRL’s Ruth H. Hooker Research Library continues
to support NRL and ONR scientists in conducting
their research by making a comprehensive collection
of the most relevant scholarly information available
and useable; by providing direct reference and research
support; by capturing and organizing the NRL research
portfolio; and by creating, customizing, and deploying
a state-of-the-art digital library.

Traditional library resources include extensive
technical report, book, and journal collections dating
back to the 1800s housed within a centrally located
research facility that is staffed by subject special-

ists and information professionals. The collections
include 44,000 books; 80,000 bound historical journal
volumes; more than 3,500 current journal subscrip-
tions; and approximately 2 million technical reports
in paper, microfiche, or digital format (classified and
unclassified). Research Library staff members provide
advanced information consulting; literature searches
against all major online databases including classified
databases; circulation of materials from the collection
including classified literature up to the SECRET level;
and retrieval of articles, reports, proceedings, or docu-
ments from almost any source around the world. Staff
members provide scheduled and on-demand training
to help researchers improve productivity through effec-
tive use of the library’s resources and services.

The Research Library staff has developed and is
continuing to expand the NRL Digital Library. The
Digital Library currently provides desktop access to
thousands of journals, books, and reference sources to
NRL-DC; NRL-Stennis; NRL-Monterey; and the Office
of Naval Research.

Library systems provide immediate access to schol-
arly information, including current issues of journals
and conference proceedings that are fully searchable
at the researcher’s desktop (more than 4,000 titles).
Extensive journal archives from all the major scientific
publishers and scholarly societies are now available
online. The breadth and depth of content available

Librarians working in the Ruth H. Hooker Research Library.

through TORPEDO, NRL’s locally loaded digital
repository, continues to grow and provides a single
point of access to scholarly information by providing
full text search against journals, books, conference
proceedings, and technical reports from 19 publishers
(12.7 million items by June 17, 2011). The NRL Online
Bibliography, a Web-based publications information
system, is ensuring that the entire research portfolio of
written knowledge from all NRL scientists and engi-
neers since the 1920s will be captured, retained, mea-
sured, and shared with current and future generations.
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OTHER RESEARCH SITES

RL has acquired or made arrangements over
‘ \ ‘ the years to use a number of major sites and

facilities outside of Washington, D.C., for
research. The largest facility is located at the Stennis
Space Center (NRL-SSC) in Bay St. Louis, Mississippi.
Others include a facility near the Naval Postgraduate
School in Monterey, California (NRL-MRY), and the
Chesapeake Bay Detachment (CBD) and Scientific
Development Squadron One (VXS-1) in Maryland.
Additional sites are located in Virginia, Alabama, and
Florida.

Stennis Space Center (NRL-SSC)

The NRL Detachment at Stennis Space Center,
Mississippi (NRL-SSC), consists of NRLs Oceanography
Division and portions of the Acoustics and Marine
Geosciences Divisions. NRL-SSC, a tenant activity at
NASA’s John C. Stennis Space Center (SSC), is located
in the southwest corner of Mississippi, about 50 miles
northeast of New Orleans, Louisiana, and 20 miles
from the Mississippi Gulf Coast. Other Navy tenants at
SSC include the Naval Meteorology and Oceanography
Command, the Naval Oceanographic Office, the Navy
Small Craft Instruction and Training Center, the Special
Boat Team-Twenty-two, and the Human Resources
Service Center Southeast. Other Federal and State
agencies at SSC involved in marine-related science and
technology are the National Coastal Data Development
Center, the National Data Buoy Center, the U.S. Geo-
logical Survey, the Environmental Protection Agency’s
Gulf of Mexico Program and Environmental Chemistry
Laboratory, the Center
of Higher Learning,
University of Southern
Mississippi, and Missis-
sippi State University.

The Naval Meteo-
rology and Oceanogra-
phy Command and the
Naval Oceanographic
Office are major

The Acoustics, Marine Geosciences, and Ocean-
ography Divisions occupy more than 175,000 ft* of
research,
computation,
laboratory,
administrative,
and warehouse
space. Facili-
ties include
the sediment
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microscope,

moving-map composer facility, underwater navigation
control laboratory, computed tomography scanning
laboratory, real-time ocean observations and forecast
facility, ocean color data receipt and processing facility,
environmental microscopy facility, maintenance and
calibration systems, Ocean Dynamics & Prediction
Computational Network Facility, and numerous labo-
ratories for acoustic, geosciences, and oceanographic
computation, instrumentation, analysis, and testing.
Special areas are available for constructing, staging,
refurbishing, and storing seagoing equipment.

Monterey (NRL-MRY)

NRLIs Marine Meteorology Division (NRL-MRY)
is located in Monterey, California, on a 5-acre Navy
Annex about one mile from the Naval Postgraduate
School (NPS) campus. This group has occupied this site
since the early 1970s, when the U.S. Navy collocated the

operational users of the

Slocum gliders, autonomous underwater

vehicles, are equipped with temperature/salinity/ oceanographic, acous-
Artist's rendering of the entrance to NRL Monterey’s new 15,000 ft* Marine

Meteorology Center. Now under construction through the MILCON program,

pressure sensors and with real-time satellite

. . tic, and geosciences
connection to the Iridium network.
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technology developed
by NRL researchers. The Naval Oceanographic Office
operates the Navy DoD Supercomputing Resource
Center, one of the nation’s High Performance Comput-
ing Centers, which provides operational support to
the warfighter and access to NRL for ocean and atmo-
spheric science and technology.
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Project P-174 is scheduled for completion and occupancy in Summer 2012.

meteorological research facility with the operational
center, now known as Fleet Numerical Meteorology
and Oceanography Center (FNMOC). FNMOC was
stood up in Monterey around 1960 to be able to share
resources and expertise with NPS. This collocation of



research, education, and operations continues to be
a winning formula, as FNMOC remains the primary
customer for the numerical weather prediction and
satellite product systems developed by NRL-MRY. NRL
scientists have direct access to FNMOCs large classi-
fied supercomputers, allowing advanced development
to take place using the real-time, on-site, global atmo-
spheric and oceanographic databases, set in the same
computational environment as operations. Such access
offers unique advantages for successfully implementing
new systems and system upgrades, and allows for rapid
integration of new research results into the operational
systems. Proximity to NPS also offers unique opportu-
nities for collaborative research, as well as educational
and teaching/mentoring opportunities for NRL staff.
The Monterey Navy Annex is now comprised of
four primary buildings — one dedicated to FNMOC
supercomputer operations (B-700); two large shared
buildings dedicated to NRL-MRY and FNMOC office
spaces (B-702 and 704), computer laboratories, and
conference facilities; and a fourth building (B-712) now
occupied by NOA A’ local National Weather Service
Forecast Office, which offers additional opportuni-
ties for interagency collaboration and data sharing.
NRL-MRY also occupies two modular office buildings
and a warehouse. Altogether, NRL-MRY occupies
approximately 1500 ft* of storage space and 26,500 ft*
of office/laboratory/conference space, which includes
a research library, a computer center that supports
the Atmospheric Prediction System Development
Laboratory, the Atmospheric Composition Monitoring
Station, and a small classified data processing facility.
The NRL/FNMOC compound is currently in
transition. A $10.2M MILCON project for NRL-MRY
was begun in Spring 2011 will give the Division a new,
state-of-the-art, “green” LEED Silver building that
will include an atmospheric aerosol laboratory, classi-
fied computing facilities, and a Division Front Office
Suite. Upon completion in Spring FY12, NRL-MRY
and FNMOC plan a building reorganization with
NRL-MRY vacating B-702 and the two modular trail-
ers, and relocating into B-704 and the as yet un-num-
bered new 15,000 ft*building.

Chesapeake Bay Detachment (CBD)

NRLs Chesapeake Bay Detachment (CBD) occu-
pies a 168-acre site near Chesapeake Beach, Maryland,
and provides facilities and support services for research
in radar, electronic warfare, optical devices, materials,
communications, and fire research.

Because of its location high above the western
shore of the Chesapeake Bay, unique experiments
can be performed in conjunction with the Tilghman
Island site, 16 km across the bay from CBD. Some of
these experiments include low-clutter and generally

low-background radar measurements. Using CBD’s
support vessels, experiments are performed that
involve dispensing chaff over water and characterizing
aircraft and ship radar targets. Basic research is also
conducted in radar antenna properties, testing of radar
remote sensing concepts, use of radar to sense ocean
waves, and laser

propagation.
A ship-motion
simulator (SMS)
that can handle
up to 12,000 Ib of
electronic systems
is used to test and
evaluate radar,
satellite com-
munications, and ; i
line-of-sight RF Aerial view of the Chesapeake Bay Detachment at
communications  Randle Cliff (Chesapeake Beach), Maryland.
systems under dynamic conditions (various sea states).
CBD also hosts facilities of the Navy Technology
Center for Safety and Survivability, which conducts fire
research on simulated carrier, surface, and submarine
platforms.

The Radar Range facility at CBD, together with
the Maritime Navigation Radar (MNR) Test Range
at Tilghman Island, provide the emitters and analysis
tools for developing comprehensive Maritime Domain
Awareness
capabilities.
The MNR
consists of
dozens of
radars that
represent
a precise
cross-
section
of today’s
actual MNR
environ-
ment. An
integrated suite of advanced sensors has been devel-
oped for data collection and processing to identify and
classify vessels. A suite of similar sensors and proces-
sors has been integrated into a transportable shelter,
the Modular Sensor System (MSS), that can be rapidly
deployed to ports or other sites for enhanced maritime
awareness reporting.
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CBD’s LCM-8 providing test support for electronic
warfare research.

Scientific Development Squadron One (VXS-1)

Scientific Development Squadron ONE (VXS-1)
located at Naval Air Station Patuxent River, Maryland,
is manned by approximately 13 officers, 52 enlisted
and 8 civilians. VXS-1 is currently responsible for three

the naval research laboratory | 2011 NRL REVIEW

77



78

uniquely configured NP-3D Orion aircraft, two RC-12
Beech King Air research aircraft, four Scan Eagle
Unmanned Aerial Systems (UAS), and one MZ-3A
Airship. The squadron conducts numerous worldwide
detachments in support of a wide range of scientific
research projects. In FY09/10, VXS-1 provided flight
support for several diverse research programs: Opera-
tion Rampant Lion V utilized new technology Multi-
Band Synthetic Aperture Radar (SAR) and Commercial

[——— —
R e i
Project Perseus, Iraq, July—October 2010.

Off The Shelf (COTS) optics to conduct ongoing
research in Counter-IED technologies and Concepts

of Operations (CONOPS) in US Central Command
Area of Responsibility (AOR); Persistent Autonomous
Surveillance System (PASS) was a multiple VXS-1
aircraft endeavor which supported systems integration,
technology risk mitigation, and performance testing

of P-8A Poseidon and BAMS UAS sensors for data
fusion and exploitation programs; Communications
Airborne Layer Expansion (CABLE) demonstrated

Scientific Development Squadron ONE personnel.

information exchange at the tactical edge by using a
backbone network for IP-based, high capacity data
transfer, secure gateways to interconnect data links,
voice systems, and net-centric IP-based networks that
bridged air, ground, and space networks carried on
manned and unmanned aircraft; Tactical Electronic
Warfare (TEW) testing included Surface Electronic
Warfare Improvement Program (SEWIP) Block II Elec-
tronic Support Systems (ESM) and Anti-Surface Cruise
Missile (ASCM) Early Warning performance evalu-
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ations; Missile Defense Agency (MDA) testing and
experimentation vital to the success of global defense
efforts included multinational land- and surface-based
missile tracking and interceptor tests. In July 2010
while operating over the Gulf of Mexico, the MZ-3A
Airship provided support to US Coast Guard respond-
ers during a 30-day Proof of Concept Operations
conducting Incident Awareness and Assessments (IAA)
flights which detected recoverable oil and directed
surface assets performing skimming operations in
response to Deep Water Horizon. VXS-1 surpassed 48
years and 70,000 hours of Class “A” mishap-free opera-
tions in FY10.

Midway Research Center

The Midway Research Center (MRC) is a world-
wide test range that provides accurate, known signals
as standards for performance verification, validation,
calibration, and
anomaly resolu-
tion. In this role,
the MRC ensures
the availability
of responsive
and coordinated
scheduling, trans-
mission, measure-
ment, and report-
ing of accurate
and repeatable
signals. The MRC,
under the auspices
of NRLs Naval Center for Space Technology, provides
NRL with state-of-the-art facilities dedicated to Naval
communications, navigation, and basic research. The
headquarters and primary site is located on 162 acres
in Stafford County, Virginia. The main site consists
of three 18.2-m, radome-enclosed precision tracking
antennas and a variety of smaller antennas. The MRC
has the capability to transmit precision test signals
with multiple modulation types. Its normal configura-
tion is transmit but can be configured to receive as
required. The MRC also provides cross-mission and
cross-platform services from worldwide locations using
a combination of fixed and transportable resources
and a quick-reaction, unique signals capability. Assets
include Pulstar Systems (several worldwide locations),
a 45-m tracking antenna in Palo Alto, California, and
a 25-m tracking antenna system on Guam. The MRC
instrumentation suite includes nanosecond-level time
reference to the U.S. Naval Observatory, precision fre-
quency standards, accurate RF and microwave power
measurement instrumentation, and precision tracking
methodologies. The MRC also contains an Optical

Midway Research Center satellite calibration facility in
Stafford, Virginia.



Test Facility with two specialized suites of equipment:
a multipurpose Transportable Research Telescope
(TRTEL) used for air-to-ground optical communica-
tions and for passive satellite tracking operations, and
a Satellite Laser Ranging (SLR) system built around

a 1-meter telescope as a tool for improving customer
ephemeris validation processes.

Pomonkey Facility

The Naval Research Laboratory’s Pomonkey Facil-
ity is a field laboratory with a variety of ground-based
antenna systems designed to support research and
development of space-based platforms. Located 25
miles south of Washington, D.C., the facility sits on
approximately 140 acres of NRL-owned land, which
protect its systems from encroaching ground-based
interferers. Among its various precision tracking anten-
nae, the facility hosts the largest high-speed tracking
antenna in the United States. Boasting a diameter of 30
meters, its range of trackable platforms includes those
in low Earth orbit
through those
designed for deep
space missions.
The facility’s
antenna systems
are capable of sup-
porting missions
at radio frequen-
cies from 50 MHz
through 20 GHz
and can be easily
configured to
meet a variety of
mission require-
ments. The ease of "
system configura-  The NRL Pomonkey Facility.
tion is due to the
facility’s stock of multiple antenna feeds, amplifiers, and
downconverters. Other facility assets include an in-
house ability to design, fabricate, test, and implement
a variety of radio frequency components and systems.
The facility also hosts a suite of spectrum analysis
instrumentation that when coupled to its antenna
systems, provides a unique platform for a variety of
research and development missions.

Blossom Point Satellite Tracking and Command
Facility

The Blossom Point Satellite Tracking and
Command Facility (BP) provides engineering and
operational support to several complex space systems
for the Navy and other sponsors. BP provides direct

line-of-sight, two-way communications services with
spacecraft in multiple bands and multiple orbits includ-
ing LEO, HEO, GEO, and Lunar. Additionally, with BP
as a node on the Air Force Satellite Control Network
(AFSCN), it has the capability to provide coverage
worldwide. BP consists of a satellite mission operations
center, multiple antennas, and an infrastructure capable
of providing space system command, control, and man-
agement. Specific BP resources include the following:

Common Ground Architecture (CGA): CGA is gov-
ernment-owned software that provides infrastructure
and reusable
components
facilitating
construction
of command,
control, and
monitoring
systems for
space vehicle
development,
integration,
test, and opera-
tions. CGA
with Auto-
mated Ground Operations (AGO) software allows for
5x8 (lights out) operations or 24x7 operations. Current
missions include 13 satellites with 186 worldwide
contacts per day. The GAO-10-55 report dated October
20009, titled Challenges in Aligning Space Systems Com-
ponents, lauds BP with CGA as one facility that can
control a variety of satellites.

Hardware Architecture: Based on REF, video, and
matrix switching with net-centric control and process-
ing, virtually any hardware asset can be “switched”
into a path to create the correct capability required for
any mission. This architecture supports both classified
and unclassified operations and missions, and internal
LANSs support multiple simultaneous mission opera-
tions. Salient resources include antennas; receivers;
telemetry, tracking, and command (TT&C); command
encoder; front-end processors; operations automatic
data processing (ADP) resources; and satellite health
and monitoring/engineering evaluation and mainte-
nance (SHM/EEM).

Marine Corrosion and Marine Coatings
Facilities

The Chemistry Division’s Marine Corrosion and
Coatings Facility located in Key West, Florida, offers
a “blue” ocean environment with natural seawater
characterized by historically small compositional
variation and a stable biomass. This continuous source
of stable, natural seawater provides a site ideally suited
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Blossom Point Satellite Tracking and Command Facility.
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for studies of marine environment effects on materials,
including accelerated and long-term exposure testing
and materials evaluation. The site maintains capabili-

induction at NRL Key West.

ties for extensive RDT&E of marine engineering and
coatings technologies and supports a wide array of
Navy and industrial sponsors. Equipment is available
for experiments involving accelerated corrosion and
weathering, general corrosion, long-term immersion
and alternate immersion, fouling, electrochemical
phenomena, coatings application and characterization,
cathodic protection design, ballast water treatment,
marine biology, and corrosion monitoring. In 2009, the
facility received a comprehensive refurbishment due to
hurricane damage.

Research Platforms

Mobile research platforms contribute greatly
to NRLs research. These include six P-3 Orion turbo-

Moored in Mobile Bay, Alabama, the ex-USS Shadwell is regularly set
ablaze in a controlled environment to further the safety of operational
Navy and civilian firefighting measures.

prop aircraft and one ship, the ex-USS Shadwell (LSD
15), berthed in Mobile Bay, Alabama. The Shadwell

is used for research on aboard-ship fire suppression
techniques.
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y using the naturally occurring air currents known

as thermals, unmanned aerial vehicles (UAVs) can

dramatically extend their operational endurance. NRL
researchers demonstrated autonomous soaring using an
unpowered, winch-launched unmanned sailplane, which soared
within thermals to fly a notional road-monitoring mission for
5.3 hours beyond its nominal 3-minute capability. Since the
autonomous soaring technology can be implemented as a
software upgrade to existing UAV autopilots, NRL’s Tactical
Electronic Warfare Division expects that other UAVs such as
the hydrogen-powered lon Tiger will soar to new heights and
longer flight times.

Caption: Using autonomous soaring algorithms, an unpowered sailplane flew a 113.5 km course in 4.5 hours.



Autonomous Soaring for Unmanned Aerial Vehicles

D.]J. Edwards and M. Hazard
Tactical Electronic Warfare Division

ing the naturally occurring rising air currents known as thermals. Unlike a typical UAV autopilot, which naively

NRL researchers have developed a way to extend the endurance of unmanned aerial vehicles (UAVs) by exploit-

attempts to reject these atmospheric “disturbances,” the new system adapts its flight path to maximize energy
extraction. The system detects the presence of rising air using onboard sensors, finds the center of the thermal, and
redirects the guidance system to circle in the thermal. These algorithms were incorporated into an unmanned sailplane,
a winch-launched aircraft with a nominal endurance of only 3 min. With autonomous soaring engaged, the unpowered
vehicle was able to fly for more than 5.3 h. Because implementing autonomous soaring might be as simple as a software
upgrade — UAV:s already carry the necessary sensors for thermal detection — this enabling technology could be widely
deployed at low cost. Our current research focuses on extending these benefits to powered UAVs such as the hydrogen
fuel cell powered Ion Tiger. This article presents an overview of the autonomous soaring algorithms, flight test results, and

potential directions for continued research.

INTRODUCTION

The increasing use of small unmanned aerial ve-
hicles (UAVs) in military and civilian applications has
been accompanied by a growing demand for improved
endurance and range. These demands have been typi-
cally addressed by improvements in aerodynamic and
structural efficiency, improved fuel-efficient propulsion
systems, and the ongoing miniaturization of onboard
computer and payload systems. Recently, more atten-
tion has been given to the extraction of energy from
the atmosphere. Aircraft can make use of atmospheric
updrafts, or thermals, to gain altitude without expen-
diture of onboard fuel stores. By intelligently tracking
thermals, an unmanned aircraft can extend its range or
endurance without carrying additional fuel or special-
ized sensors.

However, current UAV autopilots attempt to
reject thermals and other atmospheric perturbations.
Enabling autonomous soaring required the develop-
ment of a thermal identification framework that could
efficiently compare autopilot sensor data to a thermal
model, allowing the autopilot to determine when it
is flying in a thermal and choose the best flight path
to maximize energy extraction. This basic soaring
functionality was wrapped with a mission management
algorithm that maintained the balance between soaring
and timely arrival at the required destination. Finally,
the thermal identification and mission management
algorithms were implemented on a UAV sailplane for

flight testing. This article gives an overview of thermal
sensing and identification, soaring guidance, and flight
testing results.

THERMAL UPDRAFTS

Thermal updrafts are naturally occurring atmo-
spheric convection currents that are created by uneven
heating of the Earth’s surface. Radiant solar energy
is absorbed by terrain and transferred to the air. If a
parcel of air becomes warmer than its surroundings, it
will rise like a bubble in a boiling pot of water, creat-
ing a thermal. Each parcel of warm air in the thermal
continues ascending (and expanding) until it cools
to the temperature of the surrounding air and is no
longer buoyant. Depending on atmospheric conditions,
the top of the thermal may be hundreds or thousands
of meters above the surface. Thermal formation and
evolution are influenced by terrain texture and albedo,
time of day, and ambient meteorological conditions.
These factors make accurately modeling thermal
activity a difficult task. Computational fluid dynam-
ics (CFD) tools such as large-eddy simulation could
be used to model thermals with high fidelity, but their
computational cost makes them ill-suited for real-time
simulation or control.

Instead, a simpler model that approximates the
vertical wind profile of a single thermal is used. To
reduce the complexity of the model, several assump-
tions are made: a thermal is radially symmetric about
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a center point, does not create horizontal winds, drifts
with the ambient wind velocity, and is invariant with
altitude and time. Figure 1 shows the modified three-
dimensional Gaussian distribution chosen to represent
vertical wind speeds in a thermal. Its main features

are the characteristic “core” region of rising air and a
ring of sinking air around the core. This reduced-order
model is based on four parameters: the two-dimension-
al center location, peak updraft strength, and character-
istic radius.

The simplified model is one component of the
autonomous soaring framework. We also need some
way to measure the instantaneous vertical wind speed,
and a systematic way to update the estimated thermal
location based on vertical wind speed measurements.
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FIGURE 1
Modified Gaussian distribution updraft cross-section.

SENSING THERMALS

The updraft model represents a distribution of
vertical wind motion, which is not easy to measure
directly from a moving aircraft. Instead, we examined
the problem from an energy/power perspective. In
general, the total energy of the aircraft system is con-
served aside from work done on the aircraft by external
forces: thrust, drag, and any atmospheric contributions.
Known contributors such as thrust and drag can be di-
rectly compensated based on wind tunnel and flight test
data, leaving an “atmospheric power” signal. If thermals
are the only atmospheric contribution, this power mea-
surement is equivalent to vertical wind speed measure-
ment and is compatible with our low-order model.

Accurate measurement of the aircraft’s specific
power state can be achieved using the same suite of
sensors carried in a typical autopilot. Initial investiga-
tions computed total energy based on altitude and
airspeed measurements, and then numerically differen-
tiated this signal to estimate the instantaneous power.
The differentiation step reduced the quality of the data,
especially with the low-resolution sensors typical of
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small UAVs. In our improved system, the power state

is computed directly using the onboard three-axis
accelerometer, GPS velocity, and GPS position mea-
surements. This alleviates the need to differentiate and
significantly improves the data quality. The power sig-
nal is then compensated for drag effects using experi-
mental sink polar data and for thrust effects using wind
tunnel propeller efficiency data. Any remaining power
contribution, whether positive or negative, is assumed
to come from the atmosphere. Figure 2 shows the com-
pensated specific power signal for a representative flight
path that intersects a thermal.

In Fig. 2, warmer colors show faster vertical air
motion and cooler colors show little or no vertical air
motion. Qualitatively, we can see a specific power dis-
tribution that matches key components of the updraft
model, including a circular shape around a local peak.
These measurements can be correlated with the low-
order updraft model to estimate the thermal param-
eters that best fit the flight data.
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FIGURE 2
Measurement of specific power distribution of a thermal.

THERMAL PARAMETER IDENTIFICATION

Given vertical wind speed measurements, the next
component is an algorithm to reduce the flight data
into parameters that can be used to guide the aircraft.
Our research investigated two options: batch methods,
which accumulate sensor time history and iteratively
solve for the model parameters; and recursive methods,
which only use the most recent data to quickly update
a previous parameter estimate. In general, recursive
methods trade absolute accuracy for lower compu-
tational burden. Reducing computational burden is
important to stay within the weight and power require-
ments of a small UAV.

The batch method is based on a similar approach
developed by John Wharington that used an adaptive
neural network.! To reduce computational workload



for real-time use, the full method was reduced to an
iterative nonlinear regression. In short, the method
begins with a candidate center location node and com-
putes the residual error associated with a two-dimen-
sional fit in the remaining parameters (strength and
radius) at that location. The residual is similarly evalu-
ated at nearby locations and the candidate location with
the smallest error is chosen as the winner. A new set of
candidate locations is drawn in a smaller ring around
the winner, and the process repeats until the algorithm
converges on a location with stronger correlation to the
model. While relatively computationally time consum-
ing, this method of searching provides a robust means
of multiparameter nonlinear curve fitting. In Fig. 3,
several steps of the process are shown, starting from an
initial location within the flight path and moving down
the error surface toward the global minimum where the
model best fits the measured data. The step sizes were
purposely limited to serve as a low-pass filter on the
center estimation.
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FIGURE 3
Evolutionary search method moving toward the global minimum.

A recursive unscented Kalman filter (UKF)
method was also investigated to reduce the computa-
tional burden of the batch method. Kalman filters are a
class of algorithms that track a set of parameters along
with a covariance matrix that describes the filter’s confi-
dence in its parameter estimate. As each new measure-
ment is received, the accuracy of the new measurement
is weighed against the covariance matrix to compute
the optimal balance between old data already fused
into the parameter estimate and new measurements. In
this work, we used the UKF, an extension of the classic
linear Kalman filter, to allow using a fully nonlinear
measurement model. The UKF takes a fixed time to
complete at each time step, while the execution time
of the batch method varies on the conditioning of the
data set. The estimation accuracy of each algorithm is
compared in Fig. 4, using the mean squared error in all
four thermal model parameters as the metric. The batch
method generally showed slightly lower error than the

UKE, but both provide sufficient accuracy for autono-
mous soaring.? Simulations comparing the batch and
recursive thermal identification algorithms showed the
recursive method was between one and two orders of
magnitude faster than the batch method.
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FIGURE 4

Comparison of mean squared error for batch and recursive
methods.

SOARING GUIDANCE

Once a thermal is detected and located, the aircraft
needs to be steered to fly inside the updraft core. Fortu-
nately, many commercial autopilots include the ability
to “orbit” around a GPS waypoint. The autonomous
soaring algorithm uses this existing controller instead
of interacting with the sensors and control surfaces
directly. In other words, the autopilot (inner feedback
loop) is nested inside the soaring controller (outer feed-
back loop), as shown in Fig. 5. This form of decoupled
control is common to many aircraft control systems.
Chief among the advantages of this architecture is the
ability of the inner loop to run at high rates, typically
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FIGURE 5
High-level autonomous soaring controller diagram.
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50 Hz, while the outer loop may update more slowly —
in the developed system, the orbit waypoint is updated
at 2 Hz. The outer loop soaring controller also becomes
autopilot and vehicle agnostic, making it easier and less
expensive to adapt the soaring algorithms to a different
unmanned vehicle.

MISSION MANAGEMENT

For an aircraft capable of autonomous soaring to
be able to complete a useful mission, it must be able to
balance progress along its commanded course with the
possible endurance or range gains presented by ther-
mals. At a very basic level, this requires flying efficiently
along a course, stopping to investigate a thermal when
it is encountered (latching), finding and soaring in the
thermal, and returning to course (unlatching) if the
energy gains are no longer worthwhile. An example of
these behaviors in action is shown in Fig. 6. The system
latches into soaring mode if the average vertical wind
speed (thermal strength) exceeds a threshold, the ther-
mal identification algorithm shows a good fit, and the
vehicle is within mission limits and airspace boundar-
ies. In soaring mode, the aircraft is commanded to fly
an orbit around the thermal center as described in the
previous section. The system unlatches if the average
thermal strength drops below the threshold, with suffi-
cient hysteresis to allow the system enough time to find
and track the thermal after its initial engagement.

The thermal strength threshold for latching into
soaring mode is determined by MacCready speed-ring
theory. The speed ring is a manned sailplane instru-
ment developed by the late Paul MacCready. It uses an
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FIGURE 6
Soaring guidance modes (flight path color indicates specific
power).

estimate of local average thermal strength to provide
two pieces of information: the optimal cross-country
speed to fly and the minimum thermal strength
required to make stopping to soar worthwhile. In the
test system, the speed ring setting is coupled with
altitude. This ensures the aircraft flies conservatively
at low altitudes, latching onto weaker thermals when
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gathering energy is crucial; as the vehicle gains altitude,
thermals must get progressively stronger for latching to
occur. Similarly, the aircraft flies faster at high altitudes
to maximize its cross-country speed; the vehicle has
sufficient altitude reserves, and the chance of inter-
cepting a strong thermal improves with the distance
traveled. At lower altitudes, the vehicle is commanded
to fly slowly to conserve energy reserves (altitude) and
maximize flight time to give a chance of finding even

a weak thermal. Recently, this behavior has compared
favorably with that of birds.>

IMPLEMENTATION

An off-the-shelf fiberglass composite sailplane
served as a host vehicle for testing the soaring algo-
rithms (Fig. 7). The Autonomous Locator of Updrafts
(ALOFT) has a 4.2 m wingspan, a 5 kg takeoft weight,
and a best glide slope of about about 24 m forward for
every 1 m of descent. The aircraft is launched using a
winch that hoists the vehicle like a kite to approximate-
ly 200 m altitude, giving a 3 min gliding descent when
no thermals can be found.

In addition to the airframe and six electric control
surface actuators, a few other items are needed to
facilitate autonomous soaring. An oft-the-shelf Piccolo
IT miniature autopilot from Cloud Cap Technologies
provides the primary navigation solution and vehicle
guidance. The autopilot communicates with a remote
ground station via a 900 MHz spread-spectrum mo-
dem, giving operators the ability to monitor and retask
the vehicle as necessary. A separate manual override
circuit allows a safety pilot to completely circumvent
the autopilot and fly the aircraft in remote control
mode, providing a measure of redundancy in case of
autopilot failure. An 87 Wh lithium-ion battery located
in the aircraft nose provides power to the avionics and
actuators for 8 h of continuous operation. ALOFT has
no motor; therefore, any endurance beyond the nomi-
nal 3 min of flight time comes from the atmosphere.

FLIGHT TESTING

With the autonomous soaring algorithms installed
on a UAV, the soaring algorithms were tested in a cross-
country (XC) soaring scenario.* Cross-country soaring
typically involves a “distance task” where the goal is to
travel as far as possible on a single launch, or a “speed
task” where the goal is to complete a predetermined
course with the highest average speed. Satisfying these
soaring tasks is a challenge for unmanned systems
which, unlike a human pilot, do not have a priori
knowledge of local thermal hotspots. Both tasks are
similar to road-monitoring or communications relay
missions.



FIGURE 7
ALOFT vehicle and internal hardware.

After completing a short in-air controls check
following a manual launch, the autopilot followed a
preprogrammed series of waypoints with the outer
loop soaring controller managing the behavior of the
vehicle. ALOFT soared in nearby thermals to reach
a starting altitude of approximately 500 m, and then
the mission task waypoints were activated to send the
vehicle traveling on course. Along the way, the mis-
sion manager balanced its desire for altitude with the
mission task of distance or speed. Once the task was
complete or the vehicle breached a preset lower altitude
limit, manual control was activated and the vehicle was
landed to complete the test.

RESULTS

Over 170 flights were performed with the ALOFT
glider, accounting for more than 70 h of flight time and
20 h of time spent actively soaring. Several milestones
were reached over the course of the research program:

o September 30, 2007: First demonstration of au-
tonomous cross-country soaring.

 October 5, 2008: Unofficially beat the world record
for goal-and-return cross-country soaring (5 kg
class), flying 48.6 km each way.

o May 23, 2009: Longest autonomous cross-country
flight to date of 113.5 km over 4.5 h, for an average
cross-country speed of 25.2 km/h.

o June 12, 2009: Highest endurance cross-country
flight to date of 5.3 h.

Figure 8 shows the altitude time history from a
distance task flight, showing how the algorithm moves
in and out of soaring mode and operates in the altitude
band of 500 m to 1500 m.

FUTURE RESEARCH DIRECTIONS

The success of the autonomous soaring algorithms
has opened up a number of different research avenues.
An ongoing effort supported by an NRL Karle Fellow-
ship seeks to implement soaring algorithms on other
existing unmanned aircraft systems with complemen-
tary endurance technology. Ion Tiger, the NRL-devel-

FIGURE 8
Altitude trace of a distance task flight.
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oped ultralong-endurance hydrogen fuel cell powered
aircraft, has demonstrated 26 h of endurance using
gaseous hydrogen alone. Adding autonomous soaring
capability to the system could entirely oftset fuel con-
sumption during times of convective activity, leading
to further gains in endurance. Other research interests
include improving the fidelity of thermal models and
implementing the algorithms on micro-UAVs.

CONCLUSION

This project has culminated in the development
of a system for autonomously locating and actively
guiding a UAV to soar in thermals. In flight tests, an

unpowered glider with a 3 min nominal endurance flew

for more than 5 h in a realistic cross-country scenario,
extending its flight time by autonomously extract-

ing energy from ambient air motion. Any endurance
improvement is of direct tactical benefit to many UAV
missions. Because no additional hardware is required
to enable autonomous soaring, the technique could be
applied to many existing unmanned aircraft systems.
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"I meed more power, Sootty”.

ight be the demand of a future Naval commander, and that is exactly
what he or she will get if NRL researchers can more fully comprehend
the complex physics of rotating detonation engines (RDEs), which offer
exciting possibilities for improved specific fuel consumption in gas-turbine en-

gines.

The heck with building a better mousetrap...build a better gas-turbine
engine and you’ve really got something. Even the all-electric ships of tomorrow’s
Navy will use gas-turbine engines to generate electricity for both the propulsion
system and critical onboard systems, so improving their specific fuel consumption
is critical.

NRL has applied its experience in developing and simulating pulse deto-
nation engines (PDEs), which use the detonation cycle rather than the Brayton
thermodynamic cycle used in previous gas-turbine engines, to the even more
attractive RDESs. Use of the detonation cycle eliminates the need for compressors
to generate the high pressures required by the engines. Controlling detonations,
however, is the key to maximizing efficiency. RDEs will do this by allowing the
detonation to propagate azimuthally at phenomenal speed around the combustion
chamber, thereby holding the inflow kinetic energy to a relatively low value and
using most of the compression for better efficiency.

Using models to study the detonation processes and dynamics allows the
researchers to understand more fully the flow field, wave structure, the basic ther-
modynamic cycle, and the key role that pressure change plays in engine perfor-
mance. These simulations also allow researchers to study performance under a
wide array of conditions and how it is affected by engine and sizing parameters.

A functioning RDE gas-turbine engine might not appear tomorrow (and it
won’t use dilithium crystals), but when it does emerge, we’ll have NRL research to

thank for the benefits it will offer.
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Rotating Detonation-Wave Engines
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engines to generate both propulsive power and electricity. These engines are fundamentally similar to engines used

to power commercial airplanes. Future ships moving to an “all electric” paradigm for the propulsion system will
still require these gas-turbine engines to generate electricity for the propulsion system and also for other critical onboard
systems. Because of the amount of power required by modern warfighting ships and the prospect that this power require-
ment will only increase, there is a strong interest in improving the specific fuel consumption of these engines.

Gas-turbine engines are attractive because they scale nicely to large powers, are relatively small and self-contained,
and are relatively easy to maintain. Current gas-turbines are based on the Brayton thermodynamic cycle, in which air is
compressed and mixed with fuel, combusted at a constant pressure, and expanded to do work for either generating electric-
ity or for propulsion. Since gas-turbines have been heavily used both for commercial flight engines, such as turbofans and
turbojets, and for electrical power generation, this cycle has been highly optimized. Further improvements in increasing the
efficiency of these engines will provide only a few percent increase in efficiency over current capabilities.

To make significant improvements to the performance of gas-turbine engines, we need to look at different and possibly
more innovative cycles rather than the Brayton cycle. An attractive possibility is to use the detonation cycle instead of the
Brayton cycle for powering a gas-turbine.! NRL has been on the forefront of this research for the last decade and has been
a major player in the development of pulse detonation engines (PDEs). The rotating detonation engine (RDE) is a differ-
ent strategy for using the detonation cycle for obtaining better fuel efficiency. Like PDEs, RDEs have the potential to be a
disruptive technology that can significantly alter the fuel efficiency of ships and planes; however, there are several challenges
that must be overcome before their benefits are realized. The objective of our current research is to get a better understand-
ing of how the RDE works and the type of performance that can be expected.

g 1l Navy aircraft and missiles use gas-turbine engines for propulsion. Many ships are also dependent on gas-turbine

WHY A DETONATION ENGINE?

Detonations have long been associated with explo- -
sions (and explosives), not with engines. There are -
many reasons for this; however, the most important 50
is that detonations produce extremely high pressures,

shock waves, and high velocities. Another difficulty for © Brayton Cycle, OPR=10
engine applications is repeatedly generating detona- o Detonation Cycle, OPR=2
tions consistently and efficiently. Research over the last o i
several decades on materials that are able to withstand E E
the .hlgh pressures, terpperatures, a.n(.l heat fluxes as- E i Adiiitional atallabie work
sociated with detonations, and on initiators that are ef- 2k
ficient, fast, and reliable, have made detonation engines
a possibility.
A comparison of the basic detonation cycle with 10
the Brayton cycle is shown in Fig. 1 on a pressure-spe- [
cific volume (P-v) diagram. Thermodynamic cycles R B e S S
show how properties vary for a fluid particle as it 0 Spacfﬁc "ul'nluman, viv, h
travels through an engine, and can be used to deter- FIGURE 1

mine the efficiency or the amount of work that can be
done by the engine. There are quite a few interesting
aspects to the detonation cycle that make it an attrac-
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Comparison of Brayton and detonation cycles on a P-v
diagram, with an operating pressure ratio (OPR) of 2 for the
detonation cycle, and 10 for the Brayton cycle.



tive alternative to the typical Brayton cycle. A Brayton
cycle relies on a multistage compressor in order to
increase the pressure of the air from atmospheric to a
higher pressure. Without this compression, no work
can be obtained from the gas-turbine engine. Typical
compressor ratios vary from 10 to 30 and are easily
the most complex machinery in a gas-turbine engine.
Detonations, on the other hand, are close to a constant
volume reaction process, and naturally generate high
pressures that can then be expanded to do work with-
out any compressor at all. Without a compressor, an
engine based on the detonation cycle provides a cycle
efficiency of about 30% (compared to 0% for the Bray-
ton cycle).! This means that much simpler compres-
sors can be used to generate the equivalent efficiency.
Adding a compressor to a detonation engine increases
the efficiency further, and so technology developed for
Brayton cycle engines can still be used for detonation
engines.

The challenge with detonation engines is realizing
the efficiency of the detonation cycle. Concepts such
as oblique detonation-wave engines have failed to be
able to recover the efficiency of this detonation cycle,
because much of the energy of the inflow is bound up
in kinetic energy, which does not increase the pressure
and thus does not improve the efficiency. Pulse detona-
tion engines have taken a different approach by creating
an unsteady process that removes the requirement of
having high velocity inflow. This creates a whole new
set of issues, such as rapid initiation of detonations and
the requirement of efficient detonators.

The rotating detonation engine takes a different
approach toward realizing the efficiency of the detona-
tion cycle. By allowing the detonation to propagate
azimuthally around an annular combustion chamber,
the kinetic energy of the inflow can be held to a rela-
tively low value, and thus the RDE can use most of the
compression for gains in efficiency, while the flow field
matches the steady detonation cycle closely.

ROTATING DETONATION ENGINES

A schematic of a rotating detonation engine? is
given in Fig. 2. Current basic studies done at the Naval
Research Laboratory are focused on a much simpler
annular combustion chamber, also shown in Fig. 2.
The combustion chamber is an annular ring, in which
the mean direction of flow is from the injection end
(bottom in figure) to the exit plane (top). A series of
micro-nozzle injectors flow in a premixture of fuel and
air or oxygen axially from a high pressure plenum, and
a detonation propagates circumferentially around the
combustion chamber, consuming the freshly injected
mixture. The gas then expands azimuthally and axially,
and can be either subsonic or supersonic (or both),

depending on the back pressure at the outlet plane.

The flow has a very strong circumferential aspect due
to the detonation wave propagation. Because the radial
dimension is typically small compared to the azimuthal
and axial dimensions, there is generally little variation
radially within the flow. Because of this, the RDE is
usually “unrolled” into two dimensions, and we do this
for many of our simulations with small thickness-to-
diameter ratios.

At the Naval Research Laboratory, we have con-
structed a model for simulating RDEs based on our
previous work done on general detonations, and in
particular on pulse detonation engines.> RDEs present
a challenge to model because they are strongly multi-
dimensional and have both strong axial and circumfer-
ential components. As mentioned, the detonation wave
itself propagates azimuthally around the combustion
chamber, while the exhaust and injection systems both
operate axially. A large part of the early work was to
show how the strong azimuthal flow is transferred to
axial flow that will produce thrust, and to account for
any excess swirl that may remain within the combus-
tion chamber. Once the basic flow field and perfor-
mance were demonstrated, we conducted a number of
studies to show how the performance varies as different
parameters are varied.

FLOW FIELD AND PERFORMANCE OF RDEs

Our first set of simulations examines a baseline
RDE. This RDE corresponds with experimental work
done outside of NRL. The diameter of the annular
combustion chamber is 140 mm (inner) and 160 mm
(outer) (giving a 10 mm thickness), the axial length of
the chamber is 177 mm, and stoichiometric hydrogen-
air is injected from a plenum at a stagnation pressure
and temperature of 10 atm and 300 K.

Basic Flow-Field and Wave Structure

We have found that by examining the gradient
magnitude of temperature and pressure for an example
RDE, finer details of the flow field can be easily seen.
This is shown for one of our baseline RDE calculations
in Fig. 3, with many of the relevant flow features labeled
in the figure. Micro-nozzles inject the fuel-air premix-
ture from a high pressure plenum chamber below the
RDE. Although the detonation wave in an RDE is con-
sidered a continuous detonation wave, it is not station-
ary as in some continuous detonation-wave engine con-
cepts, and propagates in the azimuthal direction from
left to right through the chamber near the injection
wall, and the detonated products expand azimuthally
and axially to the exit plane at the top of the domain.
Weak secondary shock waves form in the combustion
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FIGURE 2

Example of an RDE (left) from Ref. 2 and simulation of the combustion chamber (right) for an RDE.

FIGURE 3

Temperature (top) and pressure (bottom) gradient solution of
an “unrolled” hydrogen-air RDE solution, showing different
relevant features of the flow. A) detonation wave, B) trailing
edge shock wave, C) slip line between freshly detonated
products and older products, D) fill region, E) nondetonated
burned gas region, F) expansion region with detonated
products, G) inlet region with blocked injector micro-nozzles,
H) inlet region with partial filling micro-nozzles, |) inlet region
with choked micro-nozzles, and J) secondary shock wave.
Detonation wave moves azimuthally from left to right.

chamber (J) and can become quite strong depending on
the plenum pressure and the back pressure at the exit
plane. Directly behind the detonation wave, the pres-
sure is high enough that the injection micro-nozzles are
blocked (G). Experimentally, this can potentially lead
to backflow into the premixture plenum, which can be
problematic. Further behind the detonation front, the
fuel-air mixture begins to penetrate into the chamber
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(H), and for most of the region, the micro-nozzles

are choked (I), which is why the premixture region
expands almost linearly. Also of interest is the region
where the premixture and reacted gases meet (E). Here
the RDE experiences nondetonative burning, which
results in a loss in performance. In this computation,
about 14% of the premixture undergoes nondetonative
burning, which is similar to experimental findings.

Basic Thermodynamic Cycle

Our approach to obtaining information on the
effective thermodynamic cycle is to take streamline
information from an average of the detailed simulation
of the flow field and plot the results on conventional P-v
or enthalpy-entropy (h-s) diagrams and compare this
directly with the detonation cycle. To do this, we fix the
detonation wave location at the center of the domain
and average the solution over 100 RDE cycles, one cycle
being the time it takes the detonation wave to do a
complete revolution around the combustion chamber.
We can then take this average solution in the reference
frame of the detonation wave, and follow streamlines
from near the inlet plane through the engine to the exit
plane. Figure 4 shows the enthalpy and entropy along
several streamlines through the entire engine. Ther-
modynamically, we see a close correlation between the
ideal detonation cycle and the RDE cycle. The largest
difference between the two results is seen near the so-
called von Neumann point, which is an ideal represen-
tation of a detonation wave and does not correspond
to real detonation waves, and does not have an effect
on the overall performance of the detonation cycle.
There is a small amount of variability in the simulation



results, which is due to some variation in the pressure
ahead of the detonation wave, which is not present

in the simple detonation cycle analysis. Nevertheless,
because of the close correlation between the RDE and
ideal thermodynamic cycle results, we expect better
performance than a PDE or “intermittent” detonation
engine, where all fluid elements do not lie on the deto-
nation cycle in a P-v diagram framework.
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FIGURE 4

Thermodynamic cycle of the RDE simulation compared with
an ideal detonation cycle on an h-s diagram.

A Key Parameter

At the Naval Research Laboratory, several two- and
three-dimensional simulations of RDE combustion
chambers have been conducted to understand the effect
of different relevant parameters on the performance
and flow field of RDEs. Pressure change is one of the
important factors for determining the performance
of detonation-based engines since these are examples
of “pressure-gain” combustion systems. There are two
key pressures to be considered in the generic RDE
discussed above. The first key pressure is the plenum
pressure for the injector micro-nozzles, P,, and the
second is the back pressure at the exit of the combus-
tion chamber, Py, To highlight the impact of these
pressures, the pressure ratio, P,/Py, was varied in two
ways. First, the plenum pressure was set to 10 atm, and
the back pressure was varied from 0.5 to 4 atm. Second,
the back pressure was held constant at 1 atm, and the
plenum pressure was varied from 2.5 atm to 20 atm. In
both cases, the pressure ratio varied from 2.5 to 20. As
shown in Figs. 5 and 6, although the mass flow rate and
thrust force varied considerably between all cases, the
specific impulse (the basic measure of performance of a
propulsion device) was only dependent on the pressure

ratio, P,/Py,. Further parametric studies done at NRL
have also helped to better understand engine sizing
parameters on performance and the flow field of RDEs.
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FIGURE 5

Impact of stagnation pressure and back pressure on the mass
flow rate and computed thrust for an RDE.
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FIGURE 6
Dependence of the specific impulse on the stagnation and
back pressures.

Overall Performance

Specific impulse is the ratio of thrust or output
force to fuel mass flow rate, and provides a good indica-
tion of the efficiency of an engine. It is useful to put
the computed overall specific impulse of an RDE in
the context of other high-speed and advanced engine
concepts. The comparable specific impulse for a multi-
tube PDE operating on a stoichiometric hydrogen-air
mixture is around 4100 s. For the RDE, under the
same conditions, we compute a specific impulse from
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the baseline case of around 4950 s, which represents

an increase in performance for the RDE over the PDE
of about 33%. The ideal detonation cycle performance
estimate under the same conditions is around 5500 s. For
a ramjet, the specific impulse is zero at sea-level static
conditions but increases to about 4400 s at Mach 2.1.
Losses for the RDE include swirl losses (due to the flow
being partially azimuthal at the exit plane), in addition
to the nondetonation losses mentioned above. Through
simulations being conducted at the Naval Research
Laboratory, and through collaborations at the Air Force
Research Laboratory at Wright-Patterson Air Force Base
and at the University of Connecticut, we are explor-

ing more completely where these losses occur and how
performance can be improved even further.

CONCLUSION

Rotating detonation engines, a form of continuous
detonation-wave engine, are shown to have the potential
to further increase the performance of air-breathing
propulsion devices above pulsed or intermittent detona-
tion-wave engines. At the Naval Research Laboratory, we
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have been able to extend our leadership in simulation
of pulse detonation engines to show many of the sig-
nificant flow-field features of RDEs and to explain how
the performance of these engines relates to the ideal
thermodynamic detonation cycle. In addition, through
extensive simulations over a wide range of conditions,
we have been able to form a picture of how perfor-
mance is affected by different common engine param-
eters and sizing parameters. Continued work in this
area will help to further understand the performance
envelope of these engines and to develop experimental
rigs and eventually functioning engines.

[Sponsored by NRL]
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zens, waterways, and military personnel during this era of potential domestic terroristic activity. Presented here

D etecting explosive materials at trace concentrations in the marine environment is critical to protecting U.S. citi-

are results from recent field trials that demonstrate detection and quantitation of nitroaromatic materials using
novel high-throughput microfluidic immunosensors (HTMIs) to perform displacement-based immunoassays onboard
a Hydroid® REMUS100® autonomous underwater vehicle (AUV). Antibodies were immobilized on high aspect ratio
microstructures (HARM) incorporated into high-throughput microfluidic devices, thereby creating larger surface-area-to-
volume ratios that facilitated more efficient analyte extraction. Missions were conducted 6 to 9 ft below sea level, and no
HTMI failures were observed due to clogging from biomass infiltration or device leaks. HTMIs maintained immunoassay
functionality during 2-h deployments while continuously sampling seawater at a flow rate of 2 ml/min, which resulted in
reduced lag time (10'). Contaminated seawater with ~20 to 200 ppb trinitrotoluene (TNT) was successfully analyzed in situ

without sample pretreatment.

INTRODUCTION

Monitoring the composition of waterways about
the continental United States, its territories, and its
allies is an ongoing concern for the Navy and the De-
partment of Defense. Highly energetic small molecules
classified as explosives and their associated degradation
products pose major security and environmental con-
cerns during this era of imminent domestic terroristic
activity.! In addition to being a major cause for concern
relative to security, the leaching of explosives in the
vicinity of various operational/defunct military installa-
tions and munitions testing grounds throughout the
U.S. indicates the need for autonomous environmen-
tal monitoring of unidentified unexploded ordnance
(UXO) and the associated degradation products of
these materials. Finally, forensic investigations, as they
pertain to domestic terroristic activities, also dictate
that field-deployable assessment tools be readily avail-
able for untrained field technicians in order to rapidly
determine the safety of dispatched emergency medical
personnel and other first responders.

Traditionally, offsite chemical analysis has been
performed using conventional analytical instrumenta-
tion including high performance liquid chromatog-
raphy, gas chromatography coupled to mass spec-
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trometers, surface-enhanced Raman spectroscopy,

ion mobility spectrometry, cyclic voltammetry, and
energy dispersive X-ray diffraction in the analysis of
explosives. These methods have successfully delivered
high sensitivity and selectivity for the analytes, yet
these methods offer limited amenability to portability,
which detracts from their potential field readiness. Size
notwithstanding, these instruments require significant
expertise to employ. Real-time reporting from remote
analysis of trace levels of explosives has been an elusive
target.

The most prolific field-deployable detection system
has been the extensively trained canine. These animals
are expensive to train, require continuous mainte-
nance, and are subject to fatigue and injury. Further,
the canine’s strong sense of smell is rendered ineffective
when the analyte or target exists in a submerged plume
within a body of seawater such as those that exist in the
U.S. coastal waters.

The nature of explosives and concern for the safety
of the analyst and first responders demonstrate the
need for sensing these dangerous and potentially toxic
(2 0.002 pg/mL as reported by the Environmental Pro-
tection Agency) environmental contaminants remote-
ly.2 For underwater operations, there is a significant
threat posed by UXO, both to maritime traffic and to



divers. A new breed of highly sensitive immunosen-
sors embedded into autonomous underwater vehicles
(AUVs) such as the commercially available Hydroid®
REMUS100® offers distinct advantages such as (1) en-
abling on-site in situ assessment that eliminates the low
bias due to sample storage, degradation, and transport;
(2) remote sensing capability that minimizes putting
people in harm’s way; and (3) programmable vehicles
that can survey the area of interest for the targets.
Sensors for explosive nitroaromatic compounds that
offer better approaches to the rapid, highly sensitive
and selective remote detection of trace levels of various
explosives are undeniably warranted. Presented herein
is a novel approach with application of high-through-
put microstructures designed to meet three primary
requirements: (1) reducing false positive and false nega-
tive responses in complex marine matrices; (2) provid-
ing for rapid analysis; (3) increasing sensitivity by more
efficient extraction.

AUTONOMOUS UNDERWATER VEHICLE,
IMMUNOSENSOR, AND PLUME GENERATOR

The vehicle used in these field trials was the
Hydroid REMUS100 AUV, which has been widely
employed for port and harbor surveillance by the U.S.
Navy as well as by NATO countries. The standard RE-
MUS100 is 7.5 in. in diameter, 63 in. long, and weighs
approximately 80 Ib (see Fig. 1). The expandability of
the REMUS100 is provided by an interface connec-
tor on the front of the REMUS100 vehicle supplying
operational commands, communications, and power

— —
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FIGURE 1
Hydroid® REMUS100® autonomous underwater vehicle.

to the sensor payloads. The first part of the REMUS100
augmentation systems is the adapter collar. The col-

lar provides access to the electrical connector on the
front of the REMUS100 and provides a mechanical
attachment for the additional sensors. This collar has
access ports for the programming connector; con-
ductivity, temperature, and depth (CTD) sensor; the
acoustic transponder; and EcoPuck Triplet for optical
measurements. The external CPU section (ECPU) of
REMUS100 was custom designed by SubChem Systems
(Narragansett, RI) to provide an external controller for
adaptive missions with the REMUS100. The section
consists of a single-board computer, power condition-
ing, and an acoustic modem (Benthos ATM-885 board

set). For each mission, once transponders (underwater
navigational aids) are positioned within the operational
area, the REMUS100 can be programmed to navigate a
specified path while continuously assaying the contents
of its environment and reporting the results over the
acoustic modem to the main controller. Results can also
be broadcast to a secure IP address for visualization by
offsite individuals over the Internet.

The immunosensor was fitted with a pump
capable of delivering flow rates of 9 ml/min that can
be controlled independent of the rest of the system
via acoustic modem commands. Once directed, the
pump turned on at the requested flow rate and pushed
the trinitrotoluene (TNT) sample through the sample
injector shown in Fig. 2. The REMUS’s forward veloc-
ity moved fluid through the sample injector and TNT
sample was mixed into that flow, producing the final
concentration that was assessed by the immunosensor.
The flow rate through the manifold was determined
by the vehicle’s forward velocity. The REMUS velocity
for this trial was programmed to be 1 m/s throughout
the mission. The corresponding flow rate through the
manifold was approximately 1.9 L/min through the
0.25-in.-diameter flow path. As configured, with the
high flow pump set to 1 ml/min, the corresponding
TNT concentration of the plume was 20 ppb. Plume
concentration was linearly controlled with the high
flow pump flow rate, and a 9 ml/min setting yielded
a TNT concentration of 175 ppb. The immunosen-
sor’s filtered intake was positioned at the aft end of the
manifold flow path (see Fig. 2).

FIGURE 2
Nose of REMUS100 with plume generator and the filter
capped inlet for the immunosensor.

The immunosensor is shown in Fig. 3. The unit
was optimized for TNT detection in seawater matrices
during bench scale experiments.® The system was de-
signed to be submersible in order to be used in chemi-
cal sensing for submerged UXO. In the REMUS100
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FIGURE 3

(a) Immunosensor payload with an exploded view of the high throughput microflu-
idic device interface. (b) Schematic of REMUS100 payload internals with high-

throughput microfluidic immunosensor.

framework, the immunosensor was poised immediately
aft of the nose. The free flooded REMUS100 nose
housed the sample intake and buffer solution. The
sample intake filter was located bottom dead-center
just outside the nose within the REMUS100’s free flow
boundary layer. On the forward bulkhead of the im-
munosensor was the high-throughput microfluidic im-
munosensor (HTMI) or coupon interface. In the face
sealing design, as coupons were exhausted, they were
exchanged by removing the nose and replacing the
spent coupon with a charged coupon. This was accom-
plished by removing the mounting bracket and sliding
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the coupon off the alignment pegs between the ~2-h
REMUS100 deployments. The quick coupon removal
interface of the immunosensor is illustrated in Fig. 3(a).

HIGH-THROUGHPUT MICROFLUIDIC
IMMUNOSENSOR (HTMI)

The high-thr